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Growth Mechanism of Metal Clusters on a Graphene/

Ru(0001) Template

L. Z. Zhang, S. X. Du,* J. T. Sun, L. Huang, L. Meng, W. Y. Xu, L. D. Pan, Y. Pan,

Y. L. Wang, W. A. Hofer, and H.-J. Gao

Using first-principles calculations combined with scanning tunneling micros-
copy experiments, we investigated the adsorption configurations, electronic
structures and the corresponding growth mechanism of several transition
metal (TM) atoms (Pt, Ru, Ir, Ti, Pd, Au, Ag, and Cu) on a graphene/Ru(0001)
moiré template (G/Ru(0001)) at low coverage. We find that Pt, Ru, Ir, and Ti
selectively adsorb on the fcc region of G/Ru(0001) and form ordered dis-
persed metal nanoclusters. This behavior is due to the unoccupied d orbital
of the TM atoms and the strong sp? hybridization of carbon atoms in the

Within one period of each moiré pattern,
the electronic structure of carbon atoms
at different locations varies due to the
distinct interactions between hexagonal
carbon rings of epitaxial graphene and
the metal substrate.'>1*] One expects,
therefore, that the adsorption behavior of
adsorbates should be different at different
regions of the moiré pattern.[®”1> For
example, a graphene/metal template (G/

fcc region of G/Ru(0001). Pd, Au, Ag, and Cu form nonselective structures
because of the fully occupied d orbital. This mechanism can be extended

to metals on a graphene/Rh(111) template. By using Pt as an example, we
provide a layer by layer growth path for Pt nanoclusters in the fcc region of
the G/Ru(0001). The simulations of growth mechanism agree well with the
experimental observations. Moreover, they also provide guidance for the
selection of suitable metal atoms to form ordered dispersed metal nanoclus-

ters on similar templates.

1. Introduction

Metal nanoclusters have attracted considerable interest
because of the potential applications in catalysis and infor-
mation storage.'3 The intrinsic size, shape and pattern of
clusters have strong influence on their activity, selectivity and
the efficiency of the catalyst.’l How to control these factors
effectively or cooperatively is of great importance and remains
a big challenge.’* Recently, thin film templates or patterned
substrates have been proposed as an effective base for selec-
tive growth of homogenous and size-controlled metal nano-
clusters.>71 Another potential base, which will be investigated
here, is epitaxial graphene. Due to the soft nature of epitaxial
graphene and the lattice mismatch between graphene and
metal substrates periodic moiré patterns can be formed.[®-12
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metal) can be used to grow organic mol-
ecules,l'®!7] dispersed metal nanoclus-
ters with controllable size and shape, or
metal clusters with large size and metal
layers. Among the systems reported so
far are Ir, Pt, W, Re, and Rh nanoclus-
ters on G/Ir(111),107181 or Pt, Ru, and
Pd nanoclusters on G/Ru(0001),120-23] or
Ni nanoclusters on G/Rh(111).24 Other
experimental groups found that Pd and
Co (Au) will form large clusters (metal
film) on a G/Ru(0001).12>2¢]

The growth mechanisms of the metal clusters on these tem-
plates at the atomic scale can be analyzed using density func-
tional theory (DFT). For example, it was found by Feibelman
that the local sp* re-hybridization of carbon atoms in G/Ir(111)
controls the adsorption of Ir clusters; the three dimensional Ir
clusters become energetically stable when the number of metal
atoms increases.””-?8l Wang et al. have reported that the com-
petition between the transition metal (TM)-graphene (G) and
TM-TM interactions controls the morphology of TM clusters
grown on G/Ru(0001).2” However, how intrinsic properties
of TM atoms and the moiré template influence the selective
adsorption and the growth mode of TM clusters is still open
to debate. A general rule, predicting the morphology of metal
nanoclusters on a G/metal surface, important to guide experi-
menters, is still missing.

Aiming at such a more general rule, we studied the adsorp-
tion behavior and growth modes of Pt, Ru, Ir, Ti, Pd, Au, Ag,
and Cu on G/Ru(0001) at their initial growth stages by ab-initio
calculations based on DFT. We found that both the sp* hybridi-
zation of carbon atoms at the fcc region of G/Ru(0001) and
the occupation of the d orbital of the metal atoms control the
growth mode of the metal atoms on G/Ru(0001). By using Pt
as an example, we also studied the detailed growth process of
the dispersed Pt nanoclusters at the fcc region of G/Ru(0001).
Our simulated results fully agree with the experimental
observations.
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Figure 1. Configuration and projected density of states of graphene on Ru(0001): Top (a) and side (b) view of the configuration of G/Ru(0001). The
top-right inset in (a) shows two types of carbon atoms, C, on the hollow site and C,, on the top site of the first layer of Ru(0001). The bottom-right
inset in (a) indicates typical adsorption sites for one metal atom on G/Ru(0001) using the red dots. H, T and B denote the hole, top and bridge site.
The carbon atoms in hcp, fcc, atop and bridge regions of G/Ru(0001) are denoted by small balls with green, black, blue and yellow, respectively. (c)
The projected density of states on p, orbital of C, and C,, in different regions of G/Ru(0001).

2. Results and Discussion

For the G/Ru(0001) system, the calculation of the elec-
tronic structure using GGA at fcc and hcp regions have been
reported.?3% However, the dispersion forces are neglected
in these calculations. It has been pointed out that the van der
Waals interaction is important in this particular system.BU
Therefore, we calculated the detailed electronic structures by
using DFT+D/PBE. The optimized structure of the G/Ru(0001)
is shown in Figure 1(a) (top view) and (b) (side view). Each
unit cell with 11 x 11 Ru(0001) and 12 x 12 graphene contains
four different regions, fcc, hep, atop, and bridge, in which the
location of hexagonal holes of the graphene layer are on the
fcc hollow, hep hollow, top and bridge site of the Ru atoms in
the first layer of the Ru(0001) substrate, respectively. Here, we
focus on the electronic properties of different carbon atoms in
these four regions. The projected density of states (PDOS) on
p., orbitals of different carbon atoms are shown in Figure 1(c),
in which the C, and C, atoms (see the top-right inset in Figure
1(a)) denote the carbon atoms located on hollow and top sites of
Ru(0001) in the fcc and hcp regions, respectively. We find that
the intensity of the PDOS of C, atoms at the Fermi level in fcc
regions is much higher than that in other regions, implying a
stronger sp? hybridization and a higher activity of the C, atoms
in fcc region, therefore, a stronger interaction with adsorbates.
The high activity of the C, atoms in fcc region of G/Ru(0001)
gives us an opportunity of growing dispersed nanoclusters on
G/Ru(0001).2-221 However, not all metals form dispersed nan-
oclusters on G/Ru(0001).>>2¢ This suggests that the intrinsic
electronic structure of the metals themselves also play a role
in the growth mode. To determine the role of metal adsorb-
ates we systematically investigated the configurations and
corresponding electronic structures of several TM atoms
on G/Ru(0001). In the following, we calculated the possible
adsorption site for single metal atoms, Pt, Ru, Ir, Ti, Pd, Au, Ag,
and Cu, on G/Ru(0001). As shown in the bottom-right inset in
Figure 1(a), we define the possible adsorption sites for single
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atom adsorption on G/Ru(0001) using the graphene layer as a
reference: By, B,, Ty, T, and H sites, which denote the bridge
of the nearest C, and C, atoms, the bridge of the two nearest
C, atoms, the top on a C, or C, atom and the hole of the ben-
zene ring, respectively. To differentiate the adsorption sites at
different regions of G/Ru(0001), for example, a H site in atop
region, we denote it as H@atop.

The binding energies and adsorption sites of these single
atoms on G/Ru(0001) are summarized in Table 1, where we
find that all the metal atoms at fcc regions have larger binding
energies. According to the magnitude of the binding energies,
these transition metals can be divided into two groups: Pt, Ru,
Ir, and Ti on G/Ru(0001) possess larger binding energies, while
Pd, Au, Ag, and Cu have smaller ones. Because the four regions
of G/Ru(0001) have different activities, these metals will prefer
different adsorption sites in these four regions. For example,
when one Pt atom absorbs on G/Ru(0001), the most stable
adsorption site is B,@fcc, while B,@atop, B;@bridge and
B,@hcp sites are less stable adsorption sites at atop, bridge,
and hcp regions, respectively. For Ir, the less stable adsorption
sites are T,@fcc, T,@hcp, H@bridge and H@atop. For Ti and
Ru the H site is the most favorable one at all regions. For Au,
Ag, and Cu in the second group with filled d orbitals, the most
stable adsorption site is the T site at all regions.

Considering the electronic structures of these atoms, the
diversity of the adsorption sites can be attributed to the orbital
occupation of TM atoms. For example, the metals in the
first group have a partially filled d shell. Therefore, the fron-
tier orbitals participating in the adsorption will be d orbitals.
Considering the symmetry of d orbitals and the dangling
bond of each C, atom in the fcc region, the binding site will
depend on the number and the symmetry of the unoccupied
d orbitals. For example, the valence shell configuration of Ir is
@’s? with three unoccupied d orbitals, therefore the most stable
configuration is that Ir atom bonds to three C, atoms and is
located on the T, site (Figure S1(a)). For Ru and Ti, the number
of their unoccupied orbitals is larger than three (d’s' for Ru,
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Table 1. Binding energies and preferable adsorption sites (Site) for a group of transition metal atoms on G/Ru(0001) and on the freestanding by |

graphene, where E, is the binding energy, fcc, hcp, atop, bridge and graphene represent that the single atom is on fcc, hcp, atop, bridge region of [ —

G/Ru(0001) and freestanding graphene, respectively, E,, is the cohesive energy of the experiments.?2 F
Pt Ru Ir Ti Pd Au Ag Cu ;

E, (graphene) 2.85 437 3.42 3.96 1.89 0.94 0.52 1.06 L~

E, (atop) 2.92 4.52 3.7 4.15 1.95 1.04 0.55 1.13 ;

E, (hcp) 3.33 4.61 4.63 4.54 2.02 1.91 0.94 1.67

E, (fcc) 3.54 5.04 5.01 5.01 2.07 1.96 1.1 1.69

E, (bridge) 3.25 462 437 4.46 1.97 1.70 0.82 1.4

E; 5.84 6.74 6.94 4.85 3.89 3.81 2.95 3.49

Site B./B, H T,/H H B,/B, T T T

d2s? for Ti), thus the H site is their most stable adsorption site  occupied, while the ones in the second group have a closed d
(Figure S1(b)). Because of the similar properties of electronic  shell. This implies that the unoccupied d orbitals play a signifi-
orbital occupation, Pd (d'%° has the same adsorption site and  cant role in the bonding of TM atoms on G/Ru(0001). Therefore,
smaller binding energy as Pt. This implies a difference in the  these metal atoms tend to adsorb on the site with high chemical
actual adsorption process.?l The frontier orbitals of Au, Ag, activity, i.e., the fcc region of G/Ru(0001) in our case. It fits into
and Cu are d'%! with a fully occupied d orbital and a half-occu-  this scheme that the binding energy of Pt in the fcc region is the
pied s orbital. It suggests that the electrons near the Fermi level,  largest one, which implies that Pt atoms will selectively adsorb
which will participate in the bonding with graphene, are s elec-  at fcc regions of G/Ru(0001) at low coverage. The binding ener-
trons. Considering the symmetry of the s orbital, Au, Ag and  gies for metals with d'* configuration are much smaller because
Cu will bind to a T site (Figure S1(c)). of the fully occupied d orbital. From experiments we know that
By comparing the frontier orbitals of these metal atoms, we Pt and Ru selectively adsorb on fcc region of G/Ru(0001) and
find that the d orbitals for metals in the first group are not fully ~ form dispersed nanoclusters,?>?2l while Au tend to form a
2D layer. Work referenced inl>>?% is in good
agreement with this rationalization.

( b ) Pt/G/Ru(0001) Experimental evidences of different
growth pattern for Pt and Pd nanoclusters on

@ G/Ru(0001) template are shown in Figure 2.
We can clearly see that Pt forms nanoclus-

ters at the fcc region, while Pd forms larger

clusters and cross different regions. For Pt,
it can be concluded that it follows the selec-
tion mechanism. But for Pd clusters on G/
Ru(0001) in Figure 2(c) and (d), we find that
Pd clusters cover different regions as a big
island, no dispersed selective adsorption is
observed. However, some groups reported
that Pd could form dispersed nanoclusters
at fcc region of G/Ru(0001) at very low tem-
(d) Pd/G/Ru(0001) perature (150 K),?%) or at appropriate depo-
sition rate.?3] According to our calculations,
the binding energy of Pd at the fcc region of
G/Ru(0001) is at the border of the first and
second groups. For Au in the second group,
it can only form layers on G/Ru(0001) at
room temperature.?>?%l For Pt, and Ru in
the first group, they all form the dispersed
nanoclusters on G/Ru(0001) at room temper-
ature.20-22l Therefore, Pd could form either
the dispersed clusters or metal layers at dif-
ferent experimental conditions (for example,
different temperatures). It appears, then, that
the binding energy of Pd at the fcc region of

Figure 2. STM topographic image of (a) Pt nanoclusters (35 nm x 35 nm, V;=-1.2V, Iy = - -
~0.7 nA) and (c) Pd clusters (35 nmx 35 nm, V,=~1.2V, I;=~0.09 nA) on G/Ru(0001), (b) and ~ G/Ru(0001) can be considered as the critical
(d) are the zoom-in view. energy. When the binding energy of the
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Figure 3. The projected density of states on p, orbital (considering the
vdW interaction) of C, and G, in the four regions of G/Rh(117).

single atom on G/Ru(0001) is larger or smaller than that of Pd,
it can form the dispersed nanoclusters or atomic layers at the
fcc region under the certain experimental conditions.

In Figure 3, we provide the DOS projected on a p, orbital of
graphene. It is clearly seen that there is strong local sp* hybridi-
zation at the hcp region, and the experimental results also show
that the mono-dispersed metal clusters selectively cover the hcp
regions.[?l We also find that its local sp® hybridization is weaker
than that of at fcc region of G/Ru(0001). This means that the
interaction between metal and G/Rh(111) is weaker than
that between metal and G/Ru(0001). For example, according
to our calculation, the binding energies of Pt atom at the fcc
and hcp regions of G/Rh(111) are 2.79 eV and 2.97 eV, respec-
tively (calculated by using DFT+D/PBE), which are smaller
than the binding energies of Pt atom at fcc and hcp regions of
G/Ru(0001) (Table S1).

To investigate the possible growth mode of the mono-dis-
persed nanoclusters for the metals in the first group, we use
Pt on G/Ru(0001) as an example. The average binding energy
(Eap) is used to evaluate the growth mode of the Pt clusters. Ey,
is defined as

Eah = _(Etot - Esuh - Ememl * n) / n, (1)
where E, is the total energy of the Pt/G/Ru(0001) system,
Equp is the total energy of the G/Ru(0001) substrate, Epe iS
the energy of the single Pt atom, and » is the number of the
Pt atoms. The E,;, of Pt dimers and trimers are 4.25 eV and
4.51 eV, respectively. It implies that Pt atoms like to bond to
each other at fcc region on G/Ru(0001). The fourth Pt atom
aggregates with the remaining three in the same layer (binding
energy 4.85 eV) rather than forming a pyramid on top of the
three atoms in the first layer (binding energy 4.84 eV). This
result illustrate that, at the fcc region, the Pt-C, bond is stronger
than the Pt-Pt bond and the Pt atoms initially tend to cover
the fcc region, indicating the selective adsorption at the initial
growth stage. Figure 4(i) shows the relationship between E,,
and the number of Pt atoms. In this figure, the black and red
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circles indicate the E,, for the Pt atoms located in the first and
the second layer. We find that E,j, increases with an increasing
number of Pt atoms. After the Pt atoms have covered the whole
fcc region, subsequent atoms will grow in the second layer
because of larger E,, (e.g., the E,;, of the configuration with 16
Pt atoms cover the whole fcc region and some of the bridge
region in one layer state (Figure 4(g)) is 5.65 eV, which is about
40 meV smaller than that of the configuration with some atoms
located at the second layer (Figure 4(h))). This layer by layer
growth mode agrees well with the experimental observation. 2!

3. Conclusion

In general, the growth mechanism of transition metal atoms
on a G/metal template can be summarized as follows: both
the local sp? hybridization of the substrate and the occupation
of the outermost orbital (for example, d orbital for transition
metals) of the adsorbates determine the interaction between
the adsorbates and the G/metal, and thus determine the mor-
phology of the adsorbates. If the adsorbate has a partially occu-
pied outermost orbital and the corresponding G/metal has
strong sp> hybridization at specific regions (for example, fcc
region of G/Ru(0001)), it will form dispersed nanoclusters.
Otherwise, it will form large islands across different regions or
metal layers. Meanwhile, it is found that the binding energy of
Pd on the fcc region of G/Ru(0001) (=2 eV) could be the critical
limit between growing dispersed metal nanoclusters or islands
on G/Ru(0001). By using Pt as an example, we investigated the
growth mode of the Pt nanoclusters on G/Ru(0001). Here, the
proposed growth mechanism agrees well with our experimental
observations. Our work provides a predictive method to select
suitable metal atoms and G/metal templates for the growth of
dispersed metal nanoclusters, aimed at applications in catalysis.

4. Theoretical and Experimental Section

Theoretical Methods: All density functional theory calculations
were carried on by using Vienna ab initio simulation package
(VASP).[33’34]

For G/Ru(0001) and G/Rh(111), we use the DFT+D/PBER!
(in which the Grimme’s empirical dispersion correction
scheme was taken into account) to do the structural relaxa-
tions and electronic structure calculations. The standard values
of the GGA calculation parameters are used in these DFT+D/
PBE calculations.l’”38 The periodic slab models include three
layers of metal, one layer of graphene, and a vacuum layer of
15 A. All the atoms except the bottom two layers of Ru(0001)
were fully relaxed until the net force on each relaxed atom was
less than 0.01 eV/A. A T point k-sampling was employed for
Brillouin zone matrix integrations due to the numerical limita-
tions. The DFT+D/PBE calculation results agree with those by
GGA method qualitatively,?>3% and lead to much more accu-
rate PDOS due to the appropriate distance between graphene
and Ru(0001) substrate.l3!]

For metal/G/Ru(0001), we only performed LDA calcula-
tions, as this level of theory provides appropriate description
of binding energies and growth modes, when investigating Ir

Adv. Mater. Interfaces 2014, 1, 1300104
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Figure 4. Schematics of the layer by layer growth path of Pt nanoclusters on the fcc region of the G/Ru(0001) from one Pt atom (a) to sixteen Pt atoms
(g) and (d) shows the metastable configurations for four and sixteen Pt atoms on G/Ru(0001). (h) The stable configuration of sixteen Pt atoms on G/
Ru(0001). (i) Average binding energy (E,p) vs the number of the Pt atoms, the black and red squares show the E,;, of Pt atoms located at the first and
second layer, respectively, where the dashed line at 5.84 eV shows the cohesive energy of Pt. 2

nanoclusters on G/Ir(111).728] We also calculated the Pt/G/
Ru(0001) systems by using DFT+D/PBE, and find the same
adsorption sites and similar trend of binding energies as by
using LDA,1®] that is, the Pt atom at fcc region has the largest
binding energy (Table S1). LDA calculations use fewer layers of
substrate leading to the similar geometric structures and elec-
tronic structures (Figure S2 and Figure S3) to DFT+D/PBE cal-
culations (Figure 1) for the G/Ru(0001) system. Hence we used
LDA to calculate the metal/G/Ru(0001) systems.]**! The energy
cutoff of the plane-wave basis sets was 400 eV. The periodic
slab model contains two layers of 11x11 Ru(0001), one layer
of 12x12 graphene, and a vacuum layer of 15 A. All the atoms
except the bottom layer of Ru(0001) were fully relaxed until the
net force on each relaxed atom was less than 0.01 eV/A. A T’
point k-sampling was employed for Brillouin zone matrix inte-
grations due to the numerical limitations.

It's well known that the strain effect will induce mono-dis-
persed metal island growth on other substrates.*! In this work,
the influence of strain effect coming from lattice mismatch
between Pt and G/Ru(0001) substrate on the electronic struc-
tures is also considered in our DFT calculations.

Experimental Methods: Experiments were carried out in a
standard ultrahigh vacuum (UHV) system with base pressure
lower than 1 x 1071% mbar. The single graphene layer was grown
on Ru(0001) surface by carbon segregation, which was presented

Adv. Mater. Interfaces 2014, 1, 1300104
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in detail elsewhere.l'% Pt/Pd was deposited onto the template from
a Pt/Pd rod (purity of 99.99%) mounted on the evaporator, with a
constant deposition rate 0.01 ML/min (1 ML = 1.6 x 10'° atoms/
cm?) by monitoring the ion current flux of the Pt/Pd vapor beam.
Then the sample was studied with room temperature scanning
tunneling microscope (STM) at constant current mode.

Supporting Information

Configurations for Au, Ir and Ti on G/Ru(0001) (Figure S7),
configurations (Figure S2) and PDOS (Figure S3) for G/Ru(0001),
calculated by using LDA, and binding energies and adsorption sites for
Pt atom on G/Ru(0001), calculated by using DFT+D/PBE (Table S1). This
material is available from the Wiley Online Library or from the author.
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