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ABSTRACT: We study the nucleation and growth of epitaxial ¥ Graphene Nucleation

graphene on Pt(111) surfaces at the atomic level using scanning
tunneling microscopy (STM). Graphene nucleation occurs both
near Pt step edges and on Pt terraces, producing hexagonally
shaped islands with atomically sharp zigzag edges. Graphene
interacts strongly with Pt substrate during growth, by etching and
replacement of Pt atoms from step edges, which results in
faceting of the Pt steps. The favorable lattice orientations of
graphene islands are found to be parallel to those of the Pt
substrate, but other orientations are still possible. Grain
boundaries are formed when two graphene islands merge with
different lattice orientations. Improved growth conditions such as
smaller nucleation density and higher growth rate can produce
high-quality graphene film with larger grain sizes.

Step Terrace

Downloaded viaUNIV OF CALIFORNIA BERKELEY on September 4, 2018 at 17:34:16 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

1. INTRODUCTION

Graphene, a single layer of graphite, has recently attracted
extensive attention due to its extraordinary physical and
chemical properties, making it a promising material for
numerous applications." Currently, the major bottleneck for
graphene applications lies in the controlled synthesis of large-
area, high-quality graphene films. Epitaxial graphene on metal
substrates (e.g., Ru, Cu, Ni, and Pt) has been demonstrated to
be a promising route.” ® Thus, numerous efforts have been
made to understand the growth mechanism of graphene on
metal substrates.” " For example, the nucleation of graphene
islands has been explored by Gao et al. using density functional
theory (DFT) calculations,® indicating that nucleation near a
metal step edge is more likely than on a terrace. Using low-
energy electron microscopy (LEEM), Loginova et al. measured
the growth rate of graphene islands on Ru(0001) and suggested
that graphene grows by adding carbon clusters of about five
atoms.’® Growth intermediates prior to graphene formation,
such as carbon dimers, carbon rectangles, and carbon chains,
have been identified by using scanning tunneling microscopy
(STM)."> The strong interactions of graphene with metal
substrate during graphene growth, such as metal etching effect,
has also been revealed by LEEM and STM."

From a catalysis point of view, the formation of graphene
films on catalyst metal surface is undesired because the
graphene layers coat the catalyst, which prevents the adsorption
of reactant species and leads to catalyst deactivation.'® For
example, Pt nanoparticles are active catalysts for alkane
dehydrogenation but exhibit a high tendency for coke
formation."” Transmission electron microscopy (TEM) ob-
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servation suggested that graphene formation initiates at low-
coordination number sites located at steps on the surface of Pt
nanoparticles.” Interestingly, the addition of Sn or In atoms to
Pt can reduce coke formation, as they might inhibit the
formation of carbon films on Pt surfaces.'”*" In order to better
understand how promoters help achieve a more stable catalyst,
a more thorough understanding of carbon growth on the
monometallic Pt catalyst is needed. At the same time, the
decomposition and conversion of ethylene to carbon clusters
and graphene films on Pt substrates have been studied by
STM**7%® to obtain a better understanding of carbon-
producing surface reactions on metal surfaces, with the goal
of controlling coke formation in heterogeneous catalysis.

The present study aims at extending the existing knowledge
on graphene nucleation and growth on metal surfaces and
providing details on the atomic-level interactions between
graphene and metals using STM. The nucleation and growth of
graphene on Pt(111) was prepared by the adsorption of a
monolayer ethylene followed by annealing to 1223 K,
producing hexagonal graphene nanoislands. A quantitative
statistics of the graphene nucleation sites (step vs terrace) was
acquired. The graphene growth resulted in faceting of the Pt
steps, indicating a strong graphene—metal interaction during
growth. The formation of grain boundaries in graphene films
was also discussed. The results contribute to a deeper
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Figure 1. STM images showing graphene nucleation on flat Pt(111) substrate prepared using method 1. (a) STM image of the clean Pt(111) surface
with atomic structure resolved in the inset. (b) STM topography and (c) derivative image of the Pt surface after graphene nucleation at 1223 K.
Graphene islands (smooth areas) are found and can be distinguished easily in the derivative image (c). The atomic structure of a graphene island is
shown in the inset of (b). Imaging parameters: (a) sample bias voltage V; = 200 mV, tunneling current I, = 15 pA; (inset) V, = 27 mV, I, = 200 pA;

(b) V, =300 mV, I, = 14 pA; (inset) V, = 20 mV, I, = 400 pA.

Step Terrace

Figure 2. STM topography (a) and derivative (b) images showing the nucleation of graphene islands on the flat Pt(111) substrate using growth
method 1. The hexagonal graphene islands are clearly visible in (b), which are marked with “S” or “T” according to their locations (near a step edge
or on a terrace). Imaging parameters: V, = 300 mV, I, = 14 pA. (c) Statistical data over 300 graphene islands indicate that about 60% of them are

located near a step and 40% are on top of a terrace.

understanding of graphene nucleation and controlled growth
on metal surfaces.

2. EXPERIMENTAL SECTION

The experiments were performed using a home-built, low-
temperature ultrahigh-vacaum (UHV) STM operated at a base
pressure below 5 X 107! Torr.”” Two Pt samples were used in
this study: one is a flat Pt(111) single crystal from MaTeck with
broad terraces (>100 nm), and the other is a stepped Pt(111)
single crystal from Metal Crystals & Oxides Ltd. with narrow
terraces (~3 nm). Both samples were cleaned through cycles of
degassing at 1323 K, annealing in oxygen, and Ar ion sputtering
at 1 keV. The long-term stability and cleanness of the samples
were confirmed by both STM and Auger electron spectroscopy.
After Ar ion sputtering, the samples were annealed to 1173 K
under vacuum before graphene growth. Two methods were
used to prepare graphene on Pt. Growth method 1: expose the
Pt sample to ethylene (2 X 1077 Torr) at room temperature to
saturate the surface with hydrocarbons and subsequently anneal
it to 1223 K under vacuum for 10 min to form graphene. This
method was developed to capture the initial nucleation stage of
graphene. Graphene growth at lower annealing temperatures
(1073—1173 K) was also tried, which resulted in graphene
islands with similar structures but lower crystallinity. Growth
method 2: directly expose the Pt sample to ethylene (2 X 1077
Torr) at 1223 K for 2 min to produce large-area graphene films.
The sample was then transferred to the STM station in a
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connected UHV chamber. All STM images presented in this
paper were acquired at 77 K.

3. RESULTS AND DISCUSSION

Figure la shows an STM image of the flat Pt(111) surface with
atomically resolved lattice in the inset. The Pt surface exhibits
broad terraces (>100 nm) with relatively smooth step edges.
After the adsorption of ethylene at room temperature followed
by annealing to 1223 K, distinct islands with hexagonal
boundaries (forming 120°) were found near the steps (Figure
1b). Atomically resolved image is shown in the inset revealing
the honeycomb lattice of graphene in the islands. The rest of
the Pt surface was covered by clusters, likely due to
carbonaceous species arising from hydrocarbon decom}z)osition
not yet incorporated into crystalline graphene islands.'* These
clusters are typically 1—3 nm in diameter, similar to the clusters
formed after ethylene dehydrogenation shown in previous
reports.”**® The contrast between graphene islands and Pt
surfaces covered by carbon clusters is more apparent in the
derivative STM image, as demonstrated in Figure lc. While
most area of the Pt substrate (~70%) was covered by clusters,
only a certain fraction of the carbonaceous species nucleated to
form graphene islands, either near a step edge or on a terrace.

The locations of the graphene islands were examined to
identify the preferred nucleation sites of graphene. For example,
Figure 2a shows a typical STM image of the graphene islands
with the contrast enhanced in the derivative image (Figure 2b).
The graphene islands are marked with either “S” or “T7,

DOI: 10.1021/jp512163n
J. Phys. Chem. C 2015, 119, 7124-7129


http://dx.doi.org/10.1021/jp512163n

The Journal of Physical Chemistry C

corresponding to their locations (near a step edge or on a
terrace). Thus, a statistical distribution of the graphene
nucleation sites has been acquired over 300 graphene islands,
as illustrated in Figure 2c, which indicates that about 60% of
nucleation events occurred near a step edge and 40% on a
terrace. This result implies that step edges are slightly preferred
for graphene nucleation in this case. This agrees with previous
studies suggesting that graphene nucleation is more favorable
near a metal step edge than on a terrace,® as step edges can
lower the energy barrier for graphene formation.”® At high
carbon concentrations, however, graphene nucleation occurs
both near step edges and on terraces,'* as observed here.

The nucleated graphene islands are mainly hexagonally
shaped, with ~120° corners, regardless of their locations near a
step edge or on a terrace, as shown in Figure 2. Therefore, the
edges are all parallel to a specific crystallographic direction due
to the 6-fold rotational symmetry of graphene lattice. Figure 3a

Figure 3. Edge structure and atomic lattice orientation of graphene
islands grown on the flat Pt substrate using method 1. (a) An overview
image of graphene islands on the Pt surface. (b) Expanded view of the
zigzag edge structure enclosed by red square in (a). (c) STM
topography of the graphene—Pt boundary. (d) Derivative image of (c),
showing the atomic lattice structure of graphene and the Pt substrate.
The lattice directions of graphene islands are found to be parallel to
those of Pt substrate. The blue arrows indicate the strained graphene
area near the border. Imaging parameters: (a) V, = 300 mV, I, = 14
pA; (b, ¢) V, = 20 mV, I, = 400 pA.

shows another example of nucleated graphene islands, with an
expanded view of an edge of a graphene island in Figure 3b,
where the atomically resolved image indicates the atomically
sharp zigzag structure as the preferred edge direction.”””>!
Similarly, the hexagonal graphene islands on the terraces mainly
consist of zigzag edges, also supporting the notion that C-zigzag
edges are the dorninating edge type of graphene formed on Pt,
Cu, and Co surfaces.”' Theoretical calculations indeed
confirm that zigzag edges have the lowest formation energy,!
while the interaction with metal substrates may also play a key
role in stabilizing the edge structures.
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The interaction between graphene and Pt substrate plays a
certain role in determining the structure and orientation of
nucleated graphene islands. For example, the binding energy
and charge transfer between graphene and metal substrate
depend on the relative orientation between them.>* Here we
examined the relative lattice orientation between graphene
islands and the Pt substrate to understand their interaction.
Figure 3c shows the boundary area between a Pt terrace and a
graphene island sitting on a lower terrace. The derivative STM
image in Figure 3d enhances the resolution and helps resolve
the atomic lattice structures for both the Pt substrate and the
graphene island. It shows that the lattice orientations on the Pt
substrate and on the graphene are parallel, as schematically
illustrated by the crossing lines (blue for Pt substrate and red
for graphene). More precisely, the rotational angle of graphene
lattice relative to the Pt lattice is measured to be less than 1°.
This alignment may give rise to a higher binding energy and is
thus energetically favorable during graphene growth.>” Never-
theless, rotated graphene domains are still possible due to
thermal fluctuations, kinetic limitations, and inhomogeneities of
metal substrate. This will result in graphene grains with
different Moiré patterns”’® and the formation of grain
boundaries that we discuss later.

In addition, the image in Figure 3d shows a contrast change
near the graphene—Pt interface, as pointed out by arrows,
which could indicate that the graphene lattice near the Pt
boundary is strained and suggest a strong interaction between
the growth frontier of the graphene island and adjacent Pt
step.”” Previous thermodynamic models suggest that the
nucleation and growth of graphene islands on metal substrates
involves an energetic cost due to the lattice mismatch between
the metal step edges and graphene.** This strain energy could
play an important role in graphene synthesis or coking
processes.

The graphene—metal interaction is also manifested by the
etching and faceting of metal steps during graphene growth.
Figure 4a shows an STM image of graphene islands nucleated
near Pt step edges. It reveals that graphene islands can grow by
partially embedding into the upper Pt terrace, which implies
that Pt atoms were etched away by the growing graphene. An
expanded view of a graphene island is shown in Figure 4b with
the atomic lattice structure revealed in the inset. A height
profile along the red line and schematic illustration in Figure 4c
present the step etching process by growing graphene. The
graphene layer on Pt substrate shows an apparent height of
around 1.2 A, which is much smaller than the geometric spacing
measured by low energy electron diffraction (3.7 A).2? This is
due to an electronic effect;*® that is, the density of states near
Fermi level in graphene is much lower than that in Pt substrate,
which forces the tip of the STM to be closer to the surface over
the graphene areas. Metal etching during graphene growth on
Ru and Au surfaces has been reported in previous
studies.">*%*” Here, the observation of the faceting of Pt
steps suggests that graphene prefers particular binding
configurations at Pt steps. The hexagonal shapes of embedded
graphene islands indicate that the graphene edges facing the Pt
steps exhibit the zigzag termination, indicating that such
configuration probably gives rise to a stronger binding between
C and Pt steps.’® ** This is manifested by a graphene film
growth mode where Pt steps atoms are etched away, rather
than growing over the top of Pt steps. This observation should
have important implications in the coking of hydrocarbon
reforming catalysts.
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Figure 4. Graphene—Pt interaction during graphene growth on flat (a, b) and stepped (d—f) Pt substrates. The samples were prepared using method
1. (3, b) STM image showing a graphene island that partially etched into the Pt terrace. (c) Height profile along the red line in (b) and schematic
illustration of metal etching during graphene growth. The measured height of graphene is strongly affected by the electronic density of states of
graphene. (d) STM image of the stepped Pt(111) substrate with a terrace width of about 3 nm. (e) After graphene growth, some of the Pt terraces
became broader. (f) Derivative image of (e), showing the Moiré patterns of graphene islands on the broad terraces. Imaging parameters: (a, b) V, =
200 mV, I, = 13 pA; inset in (b) V, = 16 mV, I, = 400 pA; (d, e) V, = 500 mV, I, = 14 pA.

Figure S. Grain boundary formation during graphene growth on the flat Pt substrate. (a) Two graphene islands merge with different lattice
orientations, forming a grain boundary. The sample was grown using method 1. (b) An expanded view of the atomic structure near the boundary,
where two grains are rotated ~27° with each other. (c) Growth method 2 produced a continuous high-quality graphene film over the Pt terraces,
with atomic structure shown in the inset. Imaging parameters: (a, c) V, = 200 mV, I, = 14 pA; (b) V, = 18 mV, I, = 400 pA; inset in (c): V, = 16 mV,,
I, = 200 pA.

The etching and faceting of Pt steps during graphene growth graphene islands on the large terraces (Figure 1), the different
were also examined on a highly stepped Pt surface. Figure 4d Moiré patterns indicated a larger fraction of rotated graphene
shows an STM image of a clean surface with an average terrace domains. This suggests that the orientation of graphene
width ~3 nm. Such a dense step configuration is probably a domains may depend on the graphene edge—metal inter-
better model for the surfaces of practical Pt catalysts in the form actions.”® From the results of graphene growth on stepped Pt
of small nanoparticles. After ethylene adsorption at room surface, it is reasonable to conclude that for practical materials
temperature followed by annealing to 1223 K, the surface such as Pt nanoparticles used in alkane dehydrogenation,
reconstructed producing a certain broader terraces, as shown in coking processes likely will cause restructuring of the
Figure 4e. The image in Figure 4f, in derivative mode, confirms nanoparticles, with important implications for catalytic activity.
the formation of graphene islands, which can be distinguished Epitaxial graphene films grown on metals are typically
by their Moiré patterns. The distribution of Pt terraces has polycrystalline, consisting of single-crystalline grains connected
changed: some are narrowed, while others are broadened and by grain boundaries.*' ™" Grain boundaries may affect the
covered by graphene films. The reconstruction of Pt terraces properties of graphene film, such as weakening its mechanical
was also caused by the etching of Pt steps during graphene strength and enhancing its chemical rea.ctivity.44_46 Under-
growth. Compared to the relatively uniform orientation of standing the formation of grain boundaries is helpful for
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controlled synthesis and applications of graphene. Generally
grain boundaries are formed when two graphene grains merge
with different lattice orientations.*' Figure Sa shows one
example of a grain boundary, where two graphene islands
(marked with “Gr-1” and “Gr-2”) joint to form a continuous
layer. An expanded view in Figure Sb shows the atomic
structure of the grain boundary, where the lattice orientations
of the two grains are rotated with each other (~27° in this
case). The connectivity between the two graphene grains varies
along the boundary line, which might degrade the quality of the
graphene sheet.*'

Compared to the growth strategy followed above to prepare
graphene films and study the nucleation, a second growth
method was used consisting of directly exposing the Pt sample
to ethylene at 1223 K for 2 min. Figure 5c shows a typical
image of the produced graphene film using this method. The
atomic lattice structure in the inset indicates a high quality of
the graphene film. In this preparation method, graphene can
grow across the steps forming a contiguous layer, in contrast
with the metal-etching mode in which graphene is formed by
thermally dissociating preadsorbed ethylene. The difference is
that ethylene is adsorbed on a room temperature surface and
dissociates and diffuses progressively as the temperature
increases, a process that more likely corresponds to that of
catalytic reactions.

The “hot” growth mode, leading to graphene carpeting over
metal steps, has already been revealed by LEEM.> The key
teature of the second method is that ethylene adsorbs on a hot
surface well above the dissociation temperature, so that the
diffusing entities are completely dehydrogenated carbon
clusters. This leads to fewer nucleation centers (smaller
nucleation density) and higher growth rate, allowing small
graphene islands to grow large enough before they merge with
other domains eventually. The nucleation and growth process
can also be controlled by modifying the heating ramp rate.*’

4. CONCLUSIONS

To summarize, we have presented a study on the growth
mechanism of graphene on Pt surfaces using STM. We have
shown that graphene growth by heating preadsorbed ethylene
on Pt is very sensitive to graphene—Pt interaction. We have
seen that nucleation occurs both near Pt step edges and on Pt
terraces, producing hexagonal islands with atomically sharp
zigzag edges. The atomic lattice orientations of the graphene
islands are found to be parallel to those of the Pt substrate. The
interaction of graphene with the Pt substrate during growth by
annealing preadsorbed ethylene leads to the etching and
faceting of Pt steps. However, when graphene is grown by
directly exposing Pt to ethylene at high temperature, it forms a
contiguous film, smoothly carpeting the metal surface over the
atomic steps. These results contribute to a better understanding
of the nucleation and growth of graphene on metal surfaces and
have important implications on the structure and coking of Pt
catalysts used in hydrocarbon reactions.
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