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ABSTRACT: The adsorption, electronic structure, and
thermodynamics of C4, molecules on Ir(111) and graphene/
Ir(111) surfaces have been investigated by combining scanning
tunneling microscopy and spectroscopy as well as density
functional theory calculations. Cy, is found to interact strongly
with the Ir surface, leading to a spontaneous formation of
graphene on the Ir surface at elevated temperatures. The
introduction of a graphene interlayer at the Cgo/Ir(111)
interface dramatically affects the interface properties, including
the formation of larger molecular islands, improvement in
ordering of molecular arrangements, suppression of charge
transfer between Cg4y and Ir, and thermal desorption of Cq,
from the surface without decomposition or polymerization.

.
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We also find that Cg, is an effective solid precursor for preparing small-sized graphene quantum dots as well as graphene layers

on the Ir surface.

1. INTRODUCTION

Fullerene (C4) molecules exhibit a great potential for
applications in electronics, spintronics, optoelectronics, photo-
catalysis, and hydrogen storage.' ™ The properties of interfaces
between Cg4, molecules and metal electrodes play a critical role
in these applications and hence have been the focus of extensive
research in recent years. The Cyy/metal interfaces can be
classified into three categories depending on the strength of
interfacial interaction and the behavior of Cg, at elevated
temperatures. Upon thermal annealing, for strongly interacting
interfaces, such as Cqy/Ru, Cg/Ni, and Cqy/Pt, Cyy molecules
would decompose and form graphene;'’™"” for intermediately
interacting interfaces, such as Cg,/Cu and Cg,/Ag, Cgo
molecules would polymerize;'*'* and for weakly interacting
interfaces, such as C4/Au and Cgy/Pd, Cq, molecules would
simply desorb without decomposition or polymerization.'>'®
Because iridium (Ir) is one of the most commonly used
electrode materials, it is of scientific and technological
importance to examine the properties of the Cgy/Ir interface,
which remain largely unknown up to now.

Additionally, coating metal surfaces with graphene has
attracted much attention recently thanks to the remarkable
chemical inertness and thermal properties of graphene.'’~>
Graphene coatings can effectively enhance the metals’
resistance to oxidation and corrosion, improve heat dissipation
in electronic devices, and strengthen the stability of the devices
in harsh environments.'” It has been noted that the graphene
interlayer could affect the interaction of molecules with metal
surfaces.”*~*° Hence it would be interesting to investigate how
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the graphene interlayer would influence adsorption, electronic
structure, and thermodynamics of Cg, molecules on the Ir
surface.

Herein, we report our investigations of Cg, molecules on
Ir(111) and graphene/Ir(111) surfaces employing scanning
tunneling microscopy (STM), scanning tunneling spectroscopy
(STS), and density functional theory (DFT) calculations. Upon
deposition at room temperature, Cg, molecules aggregate into
small disordered clusters on Ir(111), while they assemble into
large ordered islands on the graphene/Ir(111) surface. A zero-
conductance gap is observed for Cg, on graphene/Ir(111) but
not on Ir(111). Upon thermal annealing, Cq4 molecules
decompose and transform into graphene on Ir(111), indicating
a strong interfacial interaction for Cgy/Ir. In contrast, Cg
molecules desorb from the graphene/Ir(111) surface at
elevated temperatures without decomposition or polymer-
ization, indicative of a weak interfacial interaction. DFT
calculation reveals charge transfer from the Ir surface to Cg,
which can be significantly reduced by the graphene interlayer.
Finally, C¢, is found to be an effective solid precursor for
preparing small-sized graphene quantum dots (GQDs) as well
as graphene layers on the Ir(111) surface.
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2. EXPERIMENTAL AND THEORETICAL METHODS

All experiments were performed using a Unisoku ultrahigh
vacuum (UHV) low-temperature STM system (USM1500S)
with a base pressure lower than 2 X 107'° Torr. The single-
crystal Ir(111) surface (Princeton Scientific) was cleaned by
repeated cycles of Ar* ion sputtering and subsequent flash
annealing to ~1500 K. After that, the sample was annealed first
in oxygen (1 X 1077 Torr, 20 min) and then in hydrogen (S X
1077 Torr, 20 min) at ~1200 K to remove residual impurities
on the surface. For the convenience of investigating the
influence of the graphene interlayer on the properties of Cqg
molecules on the surface, submonolayer graphene was grown
on Ir(111) by exposing the Ir surface to ethylene (1 X 1077
Torr) at 1350 K for 1 min and subsequently annealing at 1250
K for 10 min. The deposition of Cg molecules (sublimed
grade, 99.9%, Sigma-Aldrich) was performed by thermal
evaporation at ~590 K from an Al,O; crucible. The Cq
molecules were thoroughly degassed prior to molecular
deposition. The substrate was held at room temperature during
molecular deposition. All STM and STS measurements were
performed at 77 K with tungsten tips prepared by electro-
chemical etching. In this work, the same Ir(111) single crystal
was used, and the absolute orientation of the single crystal in
the microscope is the same for all measurements here. The
differential conductance (dI/dV) spectra were recorded using a
lock-in technique with a small ac modulation signal (853 Hz, 20
mV).

In our DFT calculations, we used a 9 X 9(\/3 X \/3)R30°
unit cell for the Ir(111) surface. A four-layer slab was used in
these calculations with the top two layers fully relaxed. To
model the graphene/Ir substrate, we place a monolayer
graphene with 10 X 10 unit cells over 9 X 9 Ir(111) surface
unit cells; such interface yields a moiré pattern with a repeat
distance of 2.53 nm, in good agreement with experiments.’'
For the adsorption of a C¢, molecule on the substrate, the most
stable structure was found to be a three-fold axis of the Cq,
molecule coinciding with a three-fold axis of the substrate
surface.”” DFT calculations were carried out using the VASP
package™ with the projector-augmented wave pseudopoten-
tials®* and Perdew—Burke—Ernzerhof generalized gradient
approximation.” An energy cutoff of 400 eV was used for
the plane-wave basis set. Because of the large size of supercell,
only I'-point was considered in the Brillouin zone, which had
been tested to yield the converged results. The van der Waals
interaction is described by semiempirical DFT-D2 scheme of
Grimme,*® and the C4 coefficients of C and Ir are chosen to be
1.75 and 8124 ] X nm®/mol, respectively.”**” The force
convergence criterion for atomic relaxation is 0.02 eV/A.

3. RESULTS AND DISCUSSION

3.1. Influence of the Graphene Interlayer on the
Adsorption of C4, Molecules on the Surface. A clean
Ir(111) surface was first coated with submonolayer graphene
and then decorated with 0.35 monolayer (ML) of Cg,
molecules. Figure la shows an atomic-resolution STM image
of graphene on Ir(111). The STM image in Figure 1b was
recorded crossing the boundaries between the Cgy/Ir(111) and
Cgo/graphene/Ir(111) regions. A strong contrast in Cg
adsorption between the two regions is clearly visible. On the
Ir(111) surface, Cq tends to aggregate into smaller and
disordered clusters with dimensions below 15 nm, as shown in
Figure 1b,c; some of the Cy4y molecules end up at the second
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Figure 1. (a) Atomic-resolution STM image of graphene on Ir(111).
(b) STM image showing both the Cqy/Ir(111) (lower right) and Cy/
graphene/Ir(111) (upper left) regions. (c¢) STM image of small Cy,
clusters formed on Ir(111). (d) STM image of large Cg, islands
formed on graphene/Ir(111). Scanning parameters: (a) Vi, = 20 mV,
I=38nA; (b) Vs =3V, I =10 pA; (c) Vo = 2V, I = 100 pA; and
(d) Viyias = 3V, I =50 pA. Scale bars: (a) 1; (b) 50; (c) 10; and (d) 10

nm.

molecular layer. The number density of the clusters is ~2 X 10*
um~2 On the graphene/Ir(111) surface, Cq molecules
assemble into larger and ordered islands with sizes ranging
from 20 to 80 nm, as shown in Figure 1b,d. The number
density of the islands varies from (1 to 5) X 10* um™>. Single
Cgo vacancies are formed in most of the islands with a quasi-
periodic pattern, as shown in Figure 1d, which tracks the
underlying moiré pattern. The moiré pattern has been found an
efficient template for the growth of a Cg, superstructure on the
graphene/Ru(0001) surface.”® Two types of vacancy super-
lattice were observed in our samples (see Supplementary Figure
S1), correlated with two different moiré patterns on the
underlying graphene/Ir(111) surface. In weakly interacting
graphene/metal systems, multiple different graphene domains
with varied moiré patterns coexist.””** We have observed
different graphene domains on our graphene/Ir(111) sample
surface (see Supplementary Figure S2). Interestingly, we find
that the transition between the molecular arrangement with
vacancies and the one without vacancies always occurs at the
boundaries between different domains on the underlying
graphene/Ir(111) surface (see Supplementary Figure S3).
This suggests that the formation of the vacancies is closely
related to the underlying graphene domains, that is, their moiré
patterns.

Our observations indicate that the graphene interlayer has
strong impacts on the adsorption of Cg, molecules on the
surface. On the Ir(111) surface, the adsorption is dominated by
the molecule—substrate interaction, leading to a high density of
nucleation sites and disordered molecular arrangements. On
the graphene/Ir(111) surface, however, the adsorption is
dominated by intermolecular interaction, resulting in a low
density of nucleation sites and ordered molecular arrangements.
The orientation of graphene lattice relative to the Ir(111)
lattice affects the interaction of Cg, with the graphene/Ir(111)
surface. In most graphene domains, the moiré pattern leads to
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the formation of vacancies in molecular islands, while in other
graphene domains, the moiré pattern has negligible effect on
molecular self-assembly, resulting in the formation of molecular
islands with no vacancies.

3.2. Influence of the Graphene Interlayer on the
Electronic Structure of C,, Molecules on the Surface.
Figure 2 shows the I-V and dI/dV spectra measured for Cg,
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Figure 2. STS of C4 molecules on Ir(111) and graphene/Ir(111)
surfaces. Stabilization conditions: Vy,, = 3 V, I = 50 pA.

molecules on the Ir(111) and graphene/Ir(111) surfaces. On
the Ir(111) surface, the HOMO, LUMO, and LUMO+1 levels
are centered at —2.0, +1.4, and +2.5 eV, respectively. At the
Fermi energy, Eg, the tunneling current changes linearly with
bias voltage, indicating a metallic density of states (DOS).
Thus, the electronic structure of Cq is modified by the
underlying Ir(111) substrate. In comparison with the STS of
Ceo/Ir(111), the STS of C4, molecules adsorbed on graphene/
Ir(111) exhibit two major differences. First, there is a zero-
conductance gap of ~2.9 eV, from around —2.0 eV to around
+0.9 eV, between the HOMO and LUMO levels. Second, the
molecular levels are centered around —2.3 eV for HOMO, +1.1
eV for LUMO, and +2.6 eV for LUMO+1, respectively. Hence
the graphene interlayer strongly affects the electronic structure
of Cg on the surface. In particular, the appearance of a zero-
conductance gap between the HOMO and LUMO levels upon
the insertion of the graphene interlayer indicates that Cg
molecules interact very weakly with the graphene/Ir(111)
surface when compared with the Ir(111) surface.

3.3. Influence of the Graphene Interlayer on the
Thermodynamics of C4, Molecules on the Surface. Figure
3a shows an STM image of the sample surface after thermal
annealing at ~330 K for 30 min. The scenario in the Ir(111)
regions far from the borders remains the same as before
annealing, which indicates that C4, molecules are not mobile on
the Ir(111) surface at 330 K. One major change to the surface
is that more molecules appeared around the boundaries
between the Ir(111) and graphene/Ir(111) regions, which
results from the diffusion of C4y molecules from the graphene/
Ir(111) regions into the Ir(111) regions. These molecules
stopped diffusion once they were in contact with the Ir(111)
surface, and thus they formed a densely packed molecular layer
starting from the boundaries, as shown in Figure 3b. This
diffusion process is corroborated by our quantitative analysis of
multiple STM images (see Supplementary Figure S4). Figure
3c shows an STM image of the surface after further annealing at
~430 K for 30 min. We can see that many more Cg, molecules
diffused from the graphene/Ir(111) regions to the Ir(111)
regions. No molecules were observed in the graphene/Ir(111)
regions. The molecular arrangements in the Ir(111) regions
remain disordered. These observations strongly indicate that it
is much easier for Cg, molecules to diffuse on the graphene/
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Figure 3. STM images of the Cgy/Ir(111) and C4/graphene/Ir(111)
regions after thermal annealing at (a,)b) 330 K for 30 min, (c) 430 K
for 30 min, and (d—f) 800 K for 30 min. The atomic-resolution STM
image in panel f was recorded in the region indicated by the square in
panel e. Scanning parameters: (a—d) Vi = 3V, I = 50 pA; (&) Vi =
2V, I=350pA; and (f) Vi, = 10 mV, I = 9 nA. Scale bars: (a) 40; (b)
10; (c) 40; (d) 40; (e) 10; and (f) 2 nm.

Ir(111) surface than on the Ir(111) surface. After further
annealing at 800 K for 30 min, all adsorbed Cg4, molecules
disappeared and many patches with flat surfaces formed in the
Ir(111) regions, as shown in Figure 3d,e. Most of small patches
are hexagonal. Although large patches do not have regular
shapes, many of their edges are along one of three equivalent
directions. High-resolution STM measurements revealed that
graphene patches formed on the Ir(111) surface, as shown in
Figure 3f. Thus, C4 molecules decomposed and transformed
into graphene on the Ir(111) surface at this temperature. The
intermediate structures between Cg, and graphene were
observed around the boundaries of the graphene patches (see
Supplementary Figure SSa), which indicates that C4, molecules
were involved in the formation of graphene patches.

Therefore, Cqy/Ir can be classified as a strongly interacting
interface because Cg, molecules decomposes on the Ir surface
at elevated temperatures, while the interface between Cg4; and
the graphene/Ir(111) surface can be classified as a weakly
interacting interface because C4, molecules desorb, without
decomposition or polymerization, from the graphene/Ir(111)
surface at elevated temperature. So the insertion of the
graphene interlayer significantly promotes the diffusion of
molecules on the surface and prevents the chemical reactions
between molecules and the Ir surface.

3.4. DFT Calculations of Cg, Molecules on the Ir(111)
and Graphene/Ir(111) Surfaces. DFT calculations were
performed to provide quantitative pictures for the Cq,/Ir and
Ceo/graphene/Ir(111) interfaces. We find that the binding
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energy of a Cg molecule on the Ir(111) surface is 7.67 eV, and
that the strong Cyy-Ir binding stems from a significant charge
transfer from the Ir(111) surface to the Cg, molecule, as shown
in Figure 4a. This result is consistent with the fact that Cj is a

on the Ir surface, where Ir acts as the catalyst for the cage-
opening of Cgy.

Figure Sa,)b shows large-scale STM images of the surface after
annealing 0.1 ML Cg, molecules on Ir(111) at 780 K for 30
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Figure 4. DFT simulations of Cg, molecules on (a) Ir(111) and (b)
graphene/Ir(111). The calculations show a significant charge transfer
for Cg4y on Ir(111), while the Cq4 molecules are quasi-free on the
graphene/Ir(111) surface with negligible charge transfer.

superior electron acceptor,”’ with a higher electronegativity
than Ir. In contrast, the charge transfer between Cyy and the
graphene/Ir(111) surface is negligible, as shown in Figure 4b,
and the interaction between Cq and the graphene/Ir(111)
surface is of weak van der Waals nature.”” To understand the
correlation between Cg, vacancies formation and the under-
lying moiré pattern, we have calculated the binding energy of a
Cgo molecule at two different adsorption sites, one with the
largest interplanar distance between the graphene and Ir(111)
surface (atop site) and the other with the smallest distance (fcc
site). The corresponding binding energy is 1.27 eV for the fcc
site and 1.17 eV for the atop site, respectively. Hence, Cg,
prefers to occupy the fcc site, and conversely Cg, vacancies may
prefer to be formed at the atop sites. This may explain the
correlation between the Cy vacancy pattern and the underlying
moiré superstructure, as observed in our experiments. Next, to
understand the STS results, we have calculated the DOS of Cy,
on Ir(111) and graphene/Ir(111) surfaces (see Supplementary
Figure $6). With C4, on the Ir(111) surface, the DOS at the
Fermi energy does not vanish, which is consistent with the STS
result. Moreover, we observe charge transfer from Ir to Cg, as
shown in Figure 4a. In contrast, as the graphene interlayer is
inserted between Cg and Ir(111), there appears a zero-
conductance gap in DOS. Moreover, the partial DOS owing to
Cgo resembles closely that of a stand-alone Cg, molecule,
indicative of negligible electronic interaction or charge transfer
between Cg, and the graphene/Ir(111) substrate. These
calculations are in qualitative agreement with our STS
measurements and can explain the contrasting behaviors of
Cgo molecules on the two surfaces.

3.5. Synthesis of Graphene Layers on Ir(111) by
Thermal Decomposition of C,, Molecules. The observed
transformation of C4 molecules into graphene on Ir(111)
represents a new approach to synthesizing graphene on the Ir
surface. Cyq, as a solid precursor, is advantageous in growing
well-defined graphene quantum dots and controlling graphene
coverage.'' The transformation of Cg into graphene was
previously observed on Ru, Ni, and Pt surfaces.'””"*> Our
observations indicate that such a transformation can also occur

Figure 5. STM images of graphene patches obtained by thermal
annealing 0.1 ML Cy, molecules on Ir(111). The atomic-resolution
STM images in panels ¢ and d were recorded in the regions marked
with a square in panels a and b, respectively. Different orientations of
graphene lattice were observed for the graphene patches, as
demonstrated by the atomic-resolution STM images. Scanning
parameters: (a) Vi, = 2 V, I = 50 pA; (b) Vis = 2V, I = SO pA;
(¢) Viias =200 mV, I = S nA; and (d) Vi = 100 mV, I = S nA. Scale
bars: (a) 10; (b) 10; (c) 1; and (d) 1.6 nm.

min. We can see that there are many graphene patches, which
are of different size and shape, dispersed on the surface. Smaller
patches tend to have well-defined hexagonal shapes while larger
patches tend to exhibit irregular shapes. In addition, we found
that the orientation of graphene lattice is not exactly the same
for all patches as different moiré patterns were observed for
these patches. Figure Sc,d shows two atomic-resolution STM
images of graphene patches, showing two distinct moiré
patterns. In Figure Sc, the orientation of graphene lattice is
parallel to the edges of the graphene patch. In Figure 5d,
however, the orientation of graphene lattice is not parallel to
the edges of the graphene patch. It is worth mentioning that
most of the smallest graphene patches are in the form of
hexagonal GQDs with a size of ~4 nm, as shown in Figure Sa.
Our further experiments show that the smallest size of the
GQDs obtained by thermal decomposition of ethylene (C,H,)
is ~10 nm (see Supplementary Figure S7). Such difference
between Cg, and C,H, was also observed on Ru(0001)."" Our
observations indicate that Cg, is an efficient precursor for
preparing small-sized GQDs on Ir(111).

Figure 6 shows the scenario when additional 0.6 ML Cq,
molecules were deposited onto the surface and subsequently
annealed to 1300 K. A full monolayer of graphene was obtained
on the surface, as shown in Figure 6a. Multiple different
domains were observed in the obtained graphene layer.
Different domains can be distinguished by different moiré
patterns. When scanning the surface with a bias voltage of 3 V
and a tunneling current of 50 pA, the moiré patterns are
observable in some domains but not in other domains, as
shown in Figure 6a. The moiré patterns in all domains can be
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Figure 6. STM images of graphene obtained by thermal annealing 0.7
ML C4, molecules on Ir(111). (a) Different graphene domains with
varied moiré patterns coexist in the graphene layer. (b) Atomic-
resolution STM image of the boundaries between three different
graphene domains. The graphene lattices in these three domains are
different from each other, leading to different moiré patterns. (c)
Bilayer graphene islands formed on the surface. (d) Atomic-resolution
STM image of the bilayer graphene. The feature indicated by the
arrow is the electron-scattering pattern around a defect. Scanning
parameters: (2) Vi =3V, [ =50 pA; (b) Viy,e = 10 mV, I =5 nA; (c)
Viias = 2 V, I = 50 pA; and (d) Vi = 10 mV, I = S nA. Scale bars: (a)
13; (b) 2; (c) 16; and (d) 2 nm.

clearly resolved when scanning the surface with a bias voltage of
10 mV and a tunneling current of 5 nA. Figure 6b shows an
atomic-resolution STM image recorded across the boundaries
between three different domains. It is clear that the graphene
lattice orientation, and thus the moiré pattern, is different
between these domains. At the domain boundaries, we did not
observe obvious electron scattering patterns. There are bright
protrusions arranged with roughly equal spacing along the
domain boundaries, as indicated by dashed circles in Figure 6b.
These bright protrusions can be used to identify the domain
boundaries on the surface from large-scale STM images. We
also observed bilayer graphene islands on the surface, as
indicated by arrows in Figure 6¢. The atomic-resolution STM
image of bilayer graphene is shown in Figure 6d. One unique
teature of bilayer graphene compared with single-layer
graphene on the Ir(111) surface is that the point defects in
bilayer graphene lead to intervalley scattering patterns, as
indicated by the arrow in Figure 6d. There are two possible
mechanisms for the formation of bilayer graphene, either by the
segregation of carbon atoms from the Ir substrate or by the
decomposition of C4 molecules. In our experiments, we
observed the intermediate structures between Cg, and graphene
at the edges of bilayer graphene islands (see Supplementary
Figure SSb), which indicates that Cg, molecules are involved in
the formation of bilayer graphene islands. Recently Nie et al.
observed that the second graphene layer on Ir(111) nucleates
and grows below the first graphene layer when carbon atoms
are segregating from the substrate or when carbon atoms are
deposited on top of the first graphene layer.”” Further
investigations of this growth process by using high-temperature
STM or low-energy electron microscopy can potentially unveil

the role of C4y molecules in the formation of bilayer graphene
on the Ir(111) surface and corresponding growth mechanism.

4. SUMMARY AND CONCLUSIONS

In summary, we have investigated the adsorption, electronic
structure, and thermodynamics of Cgy molecules on the Ir(111)
and graphene/Ir(111) surfaces. We observed a strong
interaction between Cg, and the Ir surface in our STM
measurements and DFT calculations. The strong interfacial
interaction suppresses the diffusion of C4, molecules on the Ir
surface, modifies their electronic structure via charge transfer,
and leads to their decomposition at elevated temperatures. For
the first time, we find that graphene can be formed on the Ir
surface by thermal decomposition of Cg. The graphene
interlayer attenuates the interaction of Cg, molecules with the
Ir surface, leading to a significant improvement in molecular
self-assembly and the appearance of a zero-conductance gap.
The observed effects of the graphene interlayer on the Cg,/Ir
interface provide rich and valuable information for designing
molecule/metal interfaces for various potential applications.
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