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Fabrication of metal nanoclusters on graphene grown 
on Ru(0001) 
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Monolayer graphene was epitaxially grown on Ru(0001) through exposure of the Ru(0001) to ethylene 
at room temperature followed by annealing in ultrahigh vacuum at elevated temperatures. The resulting 
graphene structures were studied by scanning tunneling microscopy (STM), X-ray photoelectron spec-
troscopy (XPS), and ultraviolet photoelectron spectroscopy (UPS). The graphene/Ru(0001) surface was 
used as a periodic template for growth of metal nanoclusters. Highly dispersed Pt clusters with well 
controlled size and spatial distribution were fabricated on the surface. 
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Carbon presents various allotropes, such as graphite, 
diamond, and fullerene. Recently, Geim and cowork-
ers[1,2] found a kind of new carbon allotrope-graphene. 
The graphene material can be regarded as an ordered 
2-dimensional (2D) graphitic atomic crystal, and shows 
many unique physical and chemical properties. There are 
three methods to prepare graphene. The first is to cleave 
bulk graphite crystals using a micromechanical method[3]. 
The route could produce graphene flakes with size of 
dozens and even hundreds of micron meters but it is dif-
ficult to control the preparation process precisely. Gra-
phene can be also obtained by heating SiC(0001) sur-
faces in ultrahigh vacuum (UHV)[4,5]. However, it is chal-
lenging to prepare graphene with controlled size and 
thickness using this method. Finally, monolayer gra-
phene can be epitaxially grown on metal substrates via 
surface segregation of carbon from bulk of the sub-
strates[6,7] or thermal decomposition of hydrocarbons at 
high temperatures. Graphene has been prepared on many 
metal surfaces, such as Ru(0001)[8], Pt(111)[9], and 
Ir(111)[10]. 

Up to now, studies on graphene mainly focus on its 
controlled preparation and physical properties. The surface 
chemistry of graphene remains to be explored. It is 
known that carbon materials can be used as catalysts 

supports[11,12] or catalysts[13–15] and, thus, play a critical 
role in many catalytic processes. Graphene is the build-
ing block for many carbon materials, including graphite, 
carbon nanotubes (CNTs), carbon nanofilaments (CNFs) 
and fullerene[16]. Studies in the surface chemistry and 
surface catalysis of graphene will contribute to funda-
mental understanding of the role of carbon in many im-
portant heterogeneous catalytic reactions. 

In the present work, monolayer graphene was pre-
pared on Ru(0001) surface, and coverage of the gra-
phene can be well controlled by the deposition process. 
The monolayer graphene/Ru(0001) has been success-
fully used as a periodic template for deposition of well 
ordered Pt nanoclusters, showing that the graphene 
serves as an ideal catalyst support to prepare metal/carbon 
model catalyst systems. 

1  Experimental 

All the experiments were performed in an Omicron UHV 
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surface analysis system, which consists of three cham-
bers. The first is a preparation chamber, in which treat-
ments of a sample surface and metal deposition can be 
conducted. The sample was then moved into the second 
chamber, where it could be analyzed by X-ray photo-
electron spectroscopy (XPS) (Mg Kα, hν ＝ 1253.6 eV, 
pass energy = 30 eV) and ultraviolet photoelectron spec-
troscopy (UPS) (He I: hν = 21.2 eV; He II: hν = 40.8 eV). 
The morphology and structure of the sample surface can 
be further investigated by scanning tunneling micros-
copy (STM) in the third chamber. STM images were 
recorded at room temperature (RT) with a constant cur-
rent mode using a W-tip. Each chamber was equipped 
with leak valves for gas dosing. 

Single crystal Ru(0001) was cleaned by repeated Ar+ 
sputtering (1 keV) and UHV annealing (1500 K) until no 
contaminates were detected by XPS and STM. High 
purity C2H4 was introduced into the UHV chambers 
through leak valves. The pressure rise in the chambers 
and the exposure time were used to calculate the cover-
age of adsorbates in Langmuir (L). Graphene was pre-
pared by a two-step process, consisting of exposure of 
the Ru(0001) surface to 24 L of C2H4 at RT and subse-
quent heating up to 1250 K in UHV using an e-beam 
heater. Pt was prepared on the surface by vapor phase 
deposition, and the coverage of Pt was controlled by 
deposition time. 
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2  Results and discussion 
It was known that C2H4 was dissociatively adsorbed on 
Ru(0001) surface at RT, forming ethylidyne[17,18]. Our 
previous studies showed that the Ru(0001) surface was 
covered by a layer of ethylidyne after exposure of 24 L 
C2H4 at RT. The adsorbates decomposed at elevated 
temperature and left only carbon on the surface at 700 K. 
Well defined graphene forms when annealing the surface 

at high temperatures (> 700 K)[19]. 
Figure 1(a) displays an STM image of the Ru(0001) 

surface exposed to 24 L C2H4 at RT and then annealed 
up to 1250 K in UHV. It can be seen that the surface is 
partially covered by monolayer islands with periodic 
hexagon structure. Atomic resolution STM image of the 
monolayer islands (Figure 1(c)) illustrates that the sur-
face presents the same atomic structure as graphite but 
has a hexagonal superstructure. The monolayer islands 
can be identified as graphene sheets. The superstructure 
is the typical Moiré pattern originating from the mis-
match between monolayer graphitic layer and Ru(0001) 
lattice. The unit cell of the Moiré pattern consists of a 
(12×12) C lattice superimposed on a (11×11) lattice of 
the Ru(0001)[20,21]. There are three different sites in the 
unit cell (shown as a parallelogram in Figure 1(c)): top 
sites on the vertex; the fcc site in the middle of the yel-
low triangle (dotted line); the hcp site in the middle of 
the green triangle (dash dotted line). Similar Moiré pat-
terns have also been observed from graphene overlayers 
on other metals[22,23]. The formation of Moiré structure is 
often observed in halide and oxide overlayers grown on 
metals[24,25]. 

Moreover, the STM image demonstrates that most 
graphene islands are attached onto the Ru (0001) steps, 
and the graphene coverage is estimated to be around 
0.25 monolayer (ML). At the same time, the straight 
steps at the clean Ru(0001) surface become irregular and 
faceted. The reconstruction of Ru(0001) steps is attrib-
uted to the strong interaction of C with Ru at 1250 K. In 
order to increase the graphene coverage, the two-step 
process was repeated for different times. Two cycles 
produce graphene with coverage of 0.5 ML. No bilayer 
graphene or amorphous carbon was observed on the 
surface, indicating that the decomposition of C2H4  

 

 
Figure 1  STM images of Ru(0001) surface exposed to 24 L C2H4 at RT and annealed up to 1250 K in UHV. (a) One cycle, 200 nm × 200 nm; (b) four cycles, 200 
nm × 200 nm; (c) atomic resolution STM image of the graphene surface, 12 nm × 12 nm, VT＝−0.02 V, I＝10 nA. A unit cell of the Moiré pattern on graphene has 
been marked. The area in the triangle (dotted line) is the fcc site, and the area within the triangle (dash dotted line) is the hcp site. 
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only happens on the bare Ru surface. Furthermore, at 
1250 K the surface carbon species can diffuse to the ex-
isting graphene islands and form larger islands. After 
four cycles, the Ru(0001) surface is almost covered by 
graphene and the graphene coverage is around 0.9 ML 
(Figure 1(b)). 

due to CO adsorbed from the background, which disap-
pear after annealing the surface at high temperatures. 
With graphene formed on the surface, two new peaks at 
7.5 and 9.5 eV appear. They are characteristics of gra-
phene on the Ru(0001) surface, which are related to the σ 
and π state of graphite[26]. The intensity of the two peaks 
increases with the increasing graphene coverage. XPS is also used to study the growth process of gra-

phene. Figure 2(a) displays the Ru 3d XPS spectra from 
the Ru(0001) surfaces with different graphene coverage. 
Since C 1s and Ru 3d3/2 peaks have the similar binding 
energy positions, the Ru 3d5/2 spectra are normalized in 
order to see the change in the peak shape of Ru 3d3/2 The 
presence of surface C makes the Ru 3d3/2 more asym-
metrical[6]. As shown in Figure 2(a), the Ru 3d3/2 XPS 
spectra become broader with the increasing number of 
the growth cycles, indicating the increase in graphene 
coverage. Figure 2(b) includes He II UPS spectra of 
Ru(0001) surface covered with various amounts of gra-
phene. The peaks between 0 and 5 eV originate from the 
Ru 4d-band. The peaks at 7.5 and 10.6 eV are 

The STM, XPS, and UPS results indicate that the low 
coverage (~ 0.25 ML) of graphene on the Ru (0001) is 
obtained after one cycle of the growth process. The cov-
erage of graphene increases with more growth cycles 
while no multilayer graphene and amorphous carbon 
form on the surface. Therefore, well defined graphene 
structure with controlled structure and coverage can be 
prepared on Ru(0001). It has been reported that gra-
phene growth on Ir(111) follows the same principle[23]. 

Graphitic carbon or graphitic-like carbon materials are 
widely used as catalyst supports. It has been shown that 
the interaction between metal and the carbon substrate is 
critical to the catalytic performance of the carbon- 
supported catalysts. Highly oriented pyrolytic graphite 
(HOPG) presents well defined surface structure and has 
been widely used as model carbon substrates[27]. Due to 
the weak interaction between metals and the HOPG sur-
face, it is difficult to control the size and spatial distribu-
tion of metal nanoparticles grown on HOPG[28,29]. The 
monolayer or multilayer graphene shows unique elec-
tronic properties in comparison to the bulk graphite. 
Moreover, the periodic superstructure at epitaxial gra-
phene surfaces may offer an ideal template for growth of 
mono-dispersed metal nanoclusters. Therefore, in the 
present work, the graphene/Ru(0001) is used as the sub-
strate for the growth of Pt nanoclusters. 

 

 

Pt was deposited on the graphene/Ru(0001) surface 
for 90 s with the substrate temperature 121 K followed 
by warming up to RT slowly. The STM images (Figure 
3(a) and (b)) indicate that Pt grows on the graphene 
surface via 3D mode. The size and spatial distribution 
of the Pt clusters are quite uniform. The Pt clusters 
have the size around (3.06 ± 0.08) nm. Furthermore, 
most of Pt clusters show preferential nucleation at the 
graphene surface, located at the brighter half unit cell 
of the Moiré pattern, which is the fcc region (the yel-
low triangle (dotted line) in Figure 1(c), Figure 3(a) 
and Figure 3(b)[20]. At higher Pt coverage, the Pt clus-
ter size increases, which is accompanied by a little  

Figure 2  (a) Ru 3d XPS spectra from clean Ru(0001) and the surface 
covered by different amounts of graphene. Inset is the enlarged drawing of 
Ru 3d3/2; (b) He II UPS spectra from clean Ru(0001) and the surface cov-
ered by different amounts of graphene. 1, Clean Ru(0001); 2, after one 
cycle of the growth process; 3, two cycles; 4, three cycles; 5, four cycles. 
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Figure 3  STM images of the graphene/Ru(0001) surface after deposition of Pt for 90 s at 121 K. (a) 100 nm × 100 nm; (b) 40 nm × 40 nm. The area 
within the triangle (dotted line) is the fcc site, and the area within the triangle (dash dotted line) is the hcp site. (c) STM image of the graphene/Ru(0001) 
surface after deposition of Pt for 3.5 min at 121 K and for 10.5 min at 299 K, 100 nm × 100 nm. 
 
increase in the cluster density. As exemplified by Figure 
3(c), the size of Pt clusters (about (4.28 ± 0.07) nm) is 
larger than that of half unit cell of the Moiré pattern. The 
nucleation sites can not be clearly distinguished but the 
highly uniform size and spatial distribution of the Pt clus-
ters can be still observed. 

Highly ordered Ir clusters were also prepared on gra-
phene/Ir(111) surface[10,23], and the Ir clusters/graphene/ 
Ir(111) structure was studied[30] using density functional 
theory (DFT). It was found that Ir clusters exclusively 
grow in the hcp regions when depositing the metal at 
350 K but nucleate at both hcp and fcc regions upon 
growth at 160 K. Among all the C atoms at the graphene 
sheet, C atoms in the centers of the hcp and fcc regions 
have the lowest position. They are 3.77 and 3.80 Å 
higher than the substrate plane, respectively, and should 
be 0.27 and 0.24 Å lower than carbon atoms at the top 
sites. Such a geometry structure makes it possible that 
these positions could act as the nucleation centers for 
metal clusters. Moreover, three C atoms in a carbon 
hexagon sit atop Ir and form covalent bonding with Ir 
through orbital hybridization. This disturbs the π orbi-
tals in graphene and activates the other three C atoms. 
Thus, compared to HOPG, the graphene/ Ru(0 001) 
surface presents the hcp and fcc regions with low poten-
tial energy and activated bonds, acting as nucleation 
sites. The periodic surface structure at graphene/ 
Ru(0001) makes contribute to the formation of uni-
formly sized and spaced Pt clusters on the surface. 
However, it should be noted that the Pt clusters mainly sit 
at the fcc sites of graphene at low coverage. It is different 

from Ir clusters located at the hcp sites on the gra-
phene/Ir(111) surface. This may be due to different inter-
actions between Ru and graphene. 

The defect density is low at the perfect HOPG(0001) 
surfaces, and the interaction between metals and HOPG 
is quite weak. Thus, metals tend to nucleate at defect 
sites, such as step edges. For example, Fe[31] and Pt[28] 
deposited on the clean HOPG surface form clusters at 
the defects or step sites with low size and spatial distri-
bution. To obtain mono-dispersed metal clusters, it is 
necessary to modify the HOPG surface with man-made 
defects, e.g. nanopits[12,32,33]. Our previous studies of Pt 
deposition on the nanopit-modified HOPG surface re-
vealed that the size and spatial distributions of metal cl- 
usters are largely dependent on the state of surface de-
fects[33]. By contrast, highly dispersed and uniformly 
spaced metal clusters have been deposited on the gra-
phene/Ru(0001) surface, suggesting that the graphene 
surface may be presented as an ideal substrate for as-
sembly of highly ordered metal nanoclusters. 
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3  Conclusion 
Monolayer graphene islands are epitaxially grown on 
Ru(0001) surface via exposure to C2H4 at RT followed 
by UHV annealing at 1250 K. Graphene monolayer with  
high coverage (around 0.9 ML) has been obtained by 
repeating the growth process for several times. The gra-
phene/Ru(0001) was used as a periodic template for 
metal cluster growth. Uniformly sized and spaced Pt 
clusters are deposited on the graphene surface, nucleat-
ing at the fcc sites of graphene Moiré pattern. 
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