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The formation of graphene layers on MgO-supported Pt nanoparticles was studied by both in situ and ex
situ high-resolution transmission electron microscopy (HRTEM). The HRTEM images indicate that graph-
ene sheets grow from steps in the surface of Pt nanoparticles. The subsequent morphology of the graph-
ene sheets is a strong function of Pt particle size. For particles less than �6 nm in diameter, the graphene
sheets form nanotubes or move from the surface of Pt particles and accumulate on the MgO support.
Complete particle envelopment by multiple graphene layers was only observed for particle greater than
�6 nm in diameter. The observed dependence of graphene morphology on Pt nanoparticle size and shape
is associated with the strain energy generated between graphene layers during their growth and the
overall free energy of the graphene-Pt system.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Supported platinum nanoparticles are widely used to catalyze
the transformation of alkanes via reactions such as dehydrogena-
tion [1–4], dehydroaromatization [5,6], isomerization [7,8], and
hydrogenolysis [9,10]. A by-product of these reactions is the depo-
sition of coke, which can lead to changes in product distribution
and, more importantly, to catalyst deactivation [11,12]. For these
reasons, there has been an ongoing interest in finding ways to sta-
bilize the activity of supported Pt nanoparticles and to understand
the processes by which coke forms and accumulates on the surface
of such particles. Good progress toward the first of these objectives
has been achieved by alloying Pt with elements such as Sn, Ga, and
In [3,4,13]. However, relatively little is known about the mecha-
nism of carbon formation on Pt.

Transmission electron microscopy (TEM) has proven to be an
invaluable tool in understanding the deposition of carbon on 3d
transition metals (Ni, Fe, and Co) catalysts [14–22] and has been
used to make deductions about the elementary processes involved.
Notwithstanding the valuable information obtained from these ef-
forts, the mechanism of carbon formation and growth continues to
be the subject of intense discussion. In general, carbon atoms can
be produced by the adsorption and subsequent stepwise
ll rights reserved.
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dehydrogenation and C–C bond cleavage of hydrocarbons on the
metal surfaces. The nascent carbon atoms may then diffuse from
the adsorption sites to the centers for graphene growth among
one of two routes. The first route involves dissolution of carbon
into the bulk of the metal nanoparticles. Once the metal is satu-
rated, carbon segregates to the metal surface where the formation
of graphene initiates. The carbon formation on these metals is thus
controlled by bulk solubility and diffusion of carbon atoms, as evi-
denced by change in lattice parameter, the formation of carbides at
elevated temperatures, and kinetic studies [19–23]. The alternative
perspective is that the transport of carbon is mediated by surface
or sub-surface diffusion on the metal nanoparticles so the surface
properties alone are sufficient to describe the graphene growth
[15,24–26]. As concerns the growth centers, recent high-resolution
transmission electron microscopy (HRTEM) studies indicate that
these are associated with step sites in the surface of Ni and Fe/Co
nanoparticles [15,17–19]. The preference for the step-mediated
growth by Ni has been explained by the site-dependent adsorption
energies of carbon obtained by density functional theory (DFT)
[15,27].

In contrast to Ni, Fe, and Co, only a small number of TEM studies
on carbon formation on Pt have been reported [28–31]. Previous
work suggests that the dissolution and bulk diffusion mechanism
of carbon deposition does not apply to Pt because of the very low
solubility of carbon in Pt [32], and it has been proposed, therefore,
that carbon deposition on Pt proceeds via a surface diffusion
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mechanism [26,33]. However, to the best of our knowledge, exper-
imental evidence to support this transport mechanism as well as
the surface processes involved in the assembly of graphene has
not been presented.

The aim of the present study was to investigate the formation of
graphene layers on Pt nanoparticles supported on cubic magne-
sium oxide (MgO). Both in situ and ex situ high-resolution TEM
(HRTEM) were used for this purpose. In situ characterization of
the working catalyst was undertaken in order to obtain direct
observation of the formation and growth of graphene sheets under
the reaction condition. These efforts were complemented by ex
situ characterization of carbon deposits using HRTEM to obtain
additional information about the structure of the deposited carbon.
Using this approach, a systematic investigation was undertaken of
the effects of Pt particle size and shape on the deposition of
graphene.

2. Experimental

2.1. Synthesis of Pt nanoparticles

Platinum nanoparticles with average diameters of 3.5 and
6.1 nm were prepared by reduction of platinum acetylacetonate
(Pt(acac)2) dissolved in octyl ether (OE) by 1,2-hexadecanediol
(HDD) in the presence of oleylamine (OAm) and oleic acid (OA).
All experiments were conducted under Ar using a standard Schlenk
line. To produce 3.5 nm Pt particles, platinum acetylacetonate
(Pt(acac)2, 97%, Aldrich, 0.05 g or 0.125 mmol) was dissolved in a
mixture of OE (99%, Aldrich, 2 mL), HDD (90%, Aldrich, 0.2 g or
0.77 mmol), OAm (70%, Aldrich, 0.2 mL), and OA (99%, Aldrich,
0.2 mL) in a 25-mL three-neck flask. The resulting solution was
heated to 290 �C at a rate of 5 �C/min and maintained at this tem-
perature for 10 min before cooling down to ambient room temper-
atures. To make 6.1-nm Pt nanoparticles, Pt(acac)2 (0.05 g or
0.125 mmol) dissolved in OE (1 mL) was injected into the organic
mixture after it was heated to 290 �C [34]. A large amount of anhy-
drous ethanol was added to the reaction mixture to aid in the sep-
aration of Pt nanoparticles by centrifugation at 3000 rpm for 5 min.
The solid material produced in this manner was dispersed in 3 mL
of anhydrous toluene, forming a stable colloidal solution.

2.2. Preparation of MgO-supported Pt catalysts

MgO (<50 nm, Aldrich) was calcined in air at 1060 �C for 30 min
in order to form MgO nanocubes [35]. A suspension of 0.2 g of MgO
in 10 mL of anhydrous toluene was stirred under an inert atmo-
sphere, after which an appropriate volume of the Pt suspension
(containing 0.01 g Pt) was added. The mixture was stirred over-
night, and the resulting product was precipitated out by adding
three times the volume anhydrous ethanol. MgO-supported Pt
was then separated by centrifugation. The solid material was
heated at 300 �C for 1 h in air to remove the surface capping agents
and then reduced in an atmosphere of H2 in Ar (10 vol.%) at 600 �C
for 1 h.

A sample of 1.4-nm-diameter Pt nanoparticles supported on
MgO was prepared by incipient wetness impregnation. Pt(acac)2

(0.02 g or 0.05 mmol) was dissolved in anhydrous toluene (1 mL)
and added drop wisely onto the calcined MgO support (1 g) under
continuous stirring. The solid was dried under vacuum and then
reduced in H2/Ar (10 vol.%) by raising the temperature to 600 �C
at 5 �C/min and maintaining at 600 �C for 1 h.

2.3. In situ HRTEM

In situ TEM experiments were carried out using an image aber-
ration-corrected Titan 80-300 ETEM microscope equipped with a
differentially pumped environmental cell. The microscope was
operated in TEM mode at an acceleration voltage of 300 kV, with
an activated spherical aberration corrector and with an electron
beam dose rate in the range of 104–106 e�/nm2 s incident on the
CCD camera. Specimens were prepared by crushing and dispersing
dry catalyst powders onto a plasma-cleaned stainless steel grid.
The grid was mounted in a Gatan 628 single-tilt heading holder
with an isotropic information transfer out to at least 0.14 nm.
The specimens were first reduced by heating the sample in 1 mbar
H2 to 500 �C for 30–60 min, after which the sample was cooled to
475 �C. The deposition of graphene was initiated by the removal of
hydrogen and introduction of 1.3 mbar isobutene. TEM images and
time-lapsed TEM image series were acquired in situ of samples
during the exposure to isobutene once the sample drift had leveled
out, usually in less than 10 min. A low electron dose of
1.5 � 105 e�/nm2 s was used for in situ observations of carbon
deposition in order to minimize the effects of the electron beam
on the process of carbon generation and the structure of the carbon
formed. For the single TEM images, the exposure time was 0.5 s.
For the time series, each image was taken over a period of 0.1 s.
The image series are represented with an improved signal-to-noise
ratio by adding five consecutive images after making accurate
alignments and appropriate indexing of the images.

2.4. Deposition of carbon for ex situ characterization

In a typical procedure, 25 mg of catalyst was loaded into a
quartz tube reactor and heated to 600 �C at 15 �C/min in 20% H2

in He using a three-zone furnace at total pressure of an atmo-
sphere. The catalyst was maintained at this temperature for 1 h be-
fore being exposed to a mixture of ethane (C2H6), H2, and He. The
ratio of the volumetric flow rates of C2H6 and H2 was fixed at
1:1.25, and total flow rate was maintained at 60 cm3/min. The
reaction was terminated after a fixed period of time by switching
the reacting gases to pure He and cooling the sample down to room
temperature. The samples were then removed from the reactor and
stored in a vacuum desiccator.

2.5. Ex situ characterization by HRTEM, EELS, and Raman spectroscopy

Transmission electron microscopy (TEM) images were taken
using a FEI Tecnai 12 microscope with an accelerating voltage of
120 kV. High-resolution TEM (HRTEM) characterizations were con-
ducted on the TEAM 0.5 high-resolution microscope operated at
80 kV at the National Center for Electron Microscopy (NCEM)
[36]. This instrument is a modified FEI Titan 80-300 microscope
equipped with a special high-brightness Schottky field emission
electron source, a gun monochromator, a high-resolution GIF Tri-
diem energy filter, and two CEOS (correlated electron optical sys-
tems) hexapole-type spherical aberration correctors. Scanning
transmission electron microscopy (STEM) and electron energy loss
spectroscopy (EELS) data were collected on a FEI Titan S80-300
microscope operated at 300 kV and under the high-angle annular
dark field (HAADF) mode. Raman spectra were recorded using a
Kaiser Optical HoloLab series 5000 Raman spectrometer equipped
with a Nd:YAG laser source.
3. Results and discussion

Fig. 1 shows TEM images of the calcined MgO powders used to
support Pt. Calcination at 1060 �C produced almost perfect cubes
about 30 nm on edge. The lattice fringes are parallel to the surface
of each cube and have a spacing of 2.11 Å, indicating that the MgO
cubes are bounded by (200) planes (PDF 87-0652). Fig. 2a shows a
TEM image of the as-synthesized Pt nanoparticles, and Fig. 2b



Fig. 1. (a) TEM and (b) HRTEM images of the cubic MgO support.

Fig. 2. (a) TEM and (b) size distribution of as-synthesized Pt nanoparticles and (c
and d) TEM and HRTEM images of the supported Pt nanoparticles.

Fig. 3. In situ TEM images of supported Pt nanoparticles at (a) low and (b) high
magnifications reduced in 1 mbar H2 at 500 �C, taken with an electron dose of: (a)
5.0 � 104 and (b) 2.5 � 106 e�/nm2 s.
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shows the distribution of Pt particle sizes. Most of the particles are
uniform in size and faceted in shape. Statistical analysis of particle
size distribution gives an average diameter of 6.1 ± 0.8 nm. An im-
age of Pt nanoparticles supported on MgO is presented in Fig. 2c. It
is evident that sintering of the Pt particles did not occur during cal-
cination to remove the capping agents. The absence of sintering is
attributed to the interactions of the Pt particles with the support
[37]. The cubic shape of the MgO support and the low Z numbers
of the Mg and O enable clear images of the Pt nanoparticles to be
acquired, many of which can be observed in profile at the edges
of the MgO cubes. A high-resolution image of a representative Pt
particle is shown in Fig. 2d. Lattice fringes with a periodic spacing
of 2.27 Å corresponding to the Pt(111) plane are clearly visible
(PDF 70-2057). The observation of a straight surface with atomic
resolution suggests that the organic molecules present on the par-
ticle surface after synthesis have been removed without altering
the surface morphology of the particle.

In situ HRTEM observations of the Pt/MgO (dPt = 6.1 nm) cata-
lyst were initiated by reducing the catalyst at 500 �C for 30 min
in 1 mbar H2. Fig. 3 shows representative TEM images of the sup-
ported Pt particles under the H2 atmosphere. The image of the
sample taken in situ (Fig. 3a) is very similar in appearance to that
taken ex situ (Fig. 2a). Faceted particles with distinct edges were
observed, suggesting a minimal effect of in situ reduction in the
shape of the Pt nanoparticles. As in Fig. 2d, Fig. 3b shows clear evi-
dence for (111) lattice fringes.

Carbon formation on Pt under the microscope conditions was
studied by switching the composition of the gas fed to the sample
holder from H2 to a hydrocarbon. Although most light hydrocarbons
are thought to form carbon on metal surfaces via a similar mecha-
nism [14], the growth conditions can be quite different reflecting
differences in the carbon chemical potential, lC, of the gaseous
hydrocarbon. Attempts to generate a carbonaceous deposit in the
microscope using 1.1 mbar ethane were unsuccessful at tempera-
tures up to 575 �C, in contrast to ex situ experiments in which eth-
ane was used to generate carbon deposits [38]. Equally
unsuccessful attempts were made using 1.3 mbar ethene, a princi-
pal source of carbonaceous deposits used for the growth of carbon
nanostructures on 3d transition metals [39]. The findings indicate
that the chemical potential is too low for graphene formation at
the pressure in the mbar range in the microscope. However, previ-
ous work shows that isobutene readily produced carbonaceous
deposits on Pt under mild reaction conditions [40]. Accordingly, car-
bon deposition was indeed observed when 1.3 mbar isobutene was
introduced in the microscope with the sample heated to 475 �C.

Fig. 4 presents a series of co-added images taken during the
deposition of carbon on Pt/MgO. The first image (Fig. 4a) was re-
corded after about 10 min of exposure of the Pt particle to isobu-
tene, whereas the next three images (Fig. 4b–d) were taken 1 s,
1.2 min, and 3.2 min after the first image. Details on the initial car-
bonaceous layers may be seen in Fig. S1. While evidence for the lat-
tice fringes of Pt can be observed in Fig. 4, they are not as clearly
evident as those seen in Fig. 3b. The reason for this is the greater
motion of the sample occurring after the change over from H2 to
isobutene, coupled with lower signal-to-noise ratio of the heavier
molecules and the slight blurring of the fringes upon the addition
of sequential images taken with low electron beam exposure.
The deposition of carbonaceous layers is clearly evidenced by the
appearance of multiple layers growing outward from the surface
of Pt particle. Fig. 4a suggests that growth of the carbonaceous lay-
ers initiates from the particle surface, most likely at the Pt steps, as
indicated by the red arrows, and terminates either on the Pt sur-
face or on the support, as indicated by the blue arrow. No changes
in particle size or morphology were observed during carbon depo-
sition, indicating that the multiple carbon layers formed without
strongly affecting the compact and facetted shape of the Pt nano-
particles. The measured spacing of the graphene layers was around
3.5 Å and indexed to the (002) plane of graphite. This interlayer
spacing is larger than that for well-crystallized graphitic carbon,
3.35 Å, (PDF 13-0148), suggesting that the carbonaceous deposit
is turbostratic [14]. The somewhat higher interlayer spacing for
the carbonaceous deposit formed in situ may also be due to graph-
ene layers not being fully devoid of hydrogen.



Fig. 4. Time-lapsed HRTEM images of the growing graphene layers on Pt recorded
in situ under exposure of 1.3 mbar iso-butene at 475 �C (a: 0 s; b: 1 s; c: 1.2 min;
and d: 3.2 min), taken with an electron dose of 1.5 � 105 e�/nm2 s.
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The sample observed in situ under exposure to isobutene was
characterized ex situ using the TEAM 0.5 microscope. A represen-
tative image is shown in Fig. 5. It should be noted that particle
shown is one that had not been exposed to the effects of the elec-
tron beam during in situ studies. The carbonaceous layers seen in
Fig. 5 are somewhat better ordered than those seen in Fig. 4, and
the number of layers is smaller than the number seen in Fig. 4d.
These differences suggest that carbon growth kinetics observed
in situ was influenced by the presence of the electron beam and
that further optimization of the beam dosage is needed to extract
quantitative information from such time series [41].
Fig. 5. Ex situ HRTEM image of the grown graphene layers on Pt after being exposed
under 1.3 mbar iso-butene for 60 min at 475 �C in the in situ experiment, taken
with an electron dose of 7.8 � 104 e�/nm2 s.
Fig. 6 shows representative ex situ HRTEM images of Pt particles
observed after Pt/MgO (dPt = 6.1 nm) had been used for the dehy-
drogenation of ethane for 1, 2, 10, and 60 min. All Pt nanoparticles
about 6 nm in diameter and larger were completely covered by
layers of graphene, the number of which increased with increasing
time of exposure to ethane dehydrogenation. The spacing between
these layers is around 3.4 Å, consistent with that of graphite. After
1 min of exposure to the reaction mixture (Fig. 6a), two to three
graphene layers were formed. The number of graphene layers grew
with further time under dehydrogenation conditions, but the rate
of growth between 10 and 60 min was clearly slower than upon
initial exposure of the catalyst to reaction conditions. The decrease
in the rate of carbon deposition is very likely due to the inhibition
of atomic carbon formation on the surface of Pt nanoparticles by
the accumulating layers of graphene.

Raman and EELS spectroscopy were used to confirm the attribu-
tion of the deposits seen in Fig. 6 to graphene. Raman spectra of Pt/
MgO (dPt = 6.1 nm) taken after 1 min and 60 min of use for ethane
dehydrogenation are shown in Fig. 7. Two broad peaks at around
1600 and 1350 cm�1 were observed after 1 min of reaction. The
first of these features corresponds to the G band associated with
the longitudinal optical (LO) phonon mode of graphite, and the sec-
ond feature corresponds to the D band due to the structural disor-
der and the presence of carbon edges [42–44]. Both peaks
increased in intensity and became better defined after 60 min of
reaction, indicating a greater amount of deposited carbon. The
broader shape of the G band compared to that observed for crystal-
line graphite suggests that defects are present among the graphene
layers deposited during ethane dehydrogenation [43]. The pres-
ence of both D and G bands with comparable intensities is indica-
tive of structural disorder in the graphene layers [44]. The slight
downscale shift of the D and G bands to 1593 and 1341 cm�1 with
increasing exposure to reaction conditions can be attributed to an
increase in the number of graphene layers [43]. EELS spectra col-
lected on individual Pt particles provide further evidence for the
deposition of carbon. Fig. 8 shows the EELS K-edge region of
Fig. 6. HRTEM images of the graphene layers grown on Pt nanoparticles after (a) 1,
(b) 2, (c) 10, and (d) 60 min of reaction at 600 �C in the forming gas,
VC2H6:VH2:VHe = 12:15:33 mL/min, taken with an electron dose of around
3 � 106 e�/nm2 s.



Fig. 7. Raman spectra of the worked catalyst after (a) 1 and (b) 60 min of reaction at
600 �C in the forming gas, VC2H6:VH2:VHe = 12:15:33 mL/min.

Fig. 8. EELS spectrum of one single Pt particle after 60 min of reaction at 600 �C in
the forming gas, VC2H6:VH2:VHe = 12:15:33 mL/min, STEM image of the Pt particle
shown in the inset.

Fig. 9. HRTEM images of the grown carbon on the shaped Pt particles at the (a)
early and (b) late stages, VC2H6:VH2:VHe = 12:15:33 mL/min, T = 600 �C, taken with
an electron dose of around 3 � 106 e�/nm2 s.
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carbon. The peak centered at around 297 eV corresponds to the
transition from the 1s core level to the r⁄ band and the small
shoulder peak at around 288 eV can be assigned to the 1s to the
p⁄ transition [45]. Both of these features are characteristic of
graphene layers.

As noted in the discussion of Fig. 4, the formation of carbona-
ceous sheets appears to initiate at steps in the surface of Pt nano-
particles. Further evidence for a step-mediated growth of graphene
on Pt is provided by Fig. S2 where it is seen that the first several
layers of graphene bind preferentially to Pt steps. The finding that
graphene grows out from Pt steps is similar to the observation of
graphene growth from methane or acethylene decomposition on
Ni nanoparticles [14,15,17,18]. In contrast to what was observed
in those studies, the Pt particles retain their compact and facetted
shape as the layers of carbon accumulate in the present experi-
ments. However, surface restructuring was observed on some of
the Pt nanoparticles as evidenced by the disappearance of clear fac-
ets and edges. These changes are probably associated with a de-
crease in the melting point of surface Pt and its interaction with
the carbonaceous species [46,47]. Moreover, a minor fraction of
the Pt particles were irregularly shaped either as a result of the
synthesis or the interaction with the alkene dehydrogenation
environment. On such particles, carbon nanotubes (CNTs), rather
than graphene shells, were observed. Fig. 9a shows a HRTEM image
of one CNT in the early stage, which appears to grow from the Pt
steps via a base-growth mechanism [18]. Notably, though, the tip
of this Pt particle remained free of carbon throughout the growth
process (see Fig. 9b). We believe that detachment of the graphene
layers from the tip of the Pt particle is due to the high strain in the
layers imposed by the increasing surface curvature as the tip of the
particle is approached.

To further address the role of strain on the growth of graphene
layers, the effect of the Pt particle size on the growth of graphene
layers was examined. Fig. 10 shows images illustrating the pat-
terns of graphene layer growth on Pt nanoparticle with diameters
of around 4 and 2 nm taken after 1, 2, and 60 min of time on
stream. Carbon deposition on the 4-nm particles resulted in a rel-
ative small number of graphene layers, which with time formed a
capped nanotube and then grew away from the Pt particle (see
Fig. 10a–c). In contrast, on the 2-nm particles, the newly formed
graphene layers appear to immediately slough off onto the MgO
support. Thus, the pattern of graphene layer growth on small Pt
particles is distinctly different from that seen on larger (>6 nm)
Pt particles, which build up an increasing number of graphene lay-
ers that envelope the particle with increasing time under reaction
conditions. The different patterns of the graphene growth on Pt
may help explain the observed effects of particle size on the activ-
ity, selectivity, and degree of coking of supported Pt for a number
of reactions [12,48,49].

The results of this investigation clearly demonstrate that the
formation of graphene on the surface of Pt nanoparticles initiates
at steps in the particle surface and that the extent of graphene for-
mation under identical reaction conditions is particle size depen-
dent. For particles larger than �6 nm, particles become
completely enveloped in multiple layers of graphene; for particles
between 6 and 2 nm, graphene nanotubules are formed, and for
particles �2 nm, graphene layers formed on the particle surface
are transported to the support. It is useful to examine these obser-
vations in light of a simple model for graphene growth at step sites
on transition metal surfaces [33]. The authors of this study show
based upon DFT calculations of the adsorption energies for carbon
atoms that carbon atoms adsorbed on terrace surfaces are unstable
to those adsorbed at step edges. For metals such as Ni and Co, the
carbon adsorption energy is further decreased upon incorporation
of the atom into a finite graphene layer adsorbed at the step edge.
But for metals such as Ru and Rh, the transfer of a carbon atom to
such a finite graphene layer is unfavorable. The origin of this differ-
ence in behavior is the strain energy, Estrain, resulting from epitaxial
lattice mismatch between the metal step edge and graphene. This
mismatch is minimal for Ni and Co but becomes substantial for Ru
and Rh and is even higher for Pt. A thermodynamic model for



Fig. 10. HRTEM images of the grown carbon on (a–c) 3.5 and (e and f) 1.4 nm Pt nanoparticles after (a and d) 1, (b and e) 2, and (c and f) 60 min of reaction at 600 �C in the
forming gas, VC2H6:VH2:VHe = 12:15:33 mL/min, taken with an electron dose of around 3 � 106 e�/nm2 s.
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graphene growth is then developed for the purpose of identifying
the critical number of carbon atoms that must be accumulated into
a nascent graphene island in order to nucleate the continued
growth of the sheet. The resulting expression is

DG ¼ �NtotDlC þ 2

ffiffiffiffiffiffiffiffi
Ntot

3

r
Eedge þ EstretchNtot; ð1Þ

where DG is the total free energy change for a semi-hexagonal
graphene island; Ntot is the total number of atoms in the graphene
island; DlC is the carbon chemical potential, i.e., the difference in
the chemical potentials of carbon in the precursor state and in
graphene; Eedge is the energy cost per carbon atom in the perimeter
of the island relative to that in an infinite graphene sheet; and
Estretch is the cost associated with stretching the finite-sized graph-
ene layer along the {101} zigzag direction to an epitaxial match
with the step edges as a function of the total number of carbon
atoms. The authors of Ref. [33] propose that Estretch can be estimated
from the value of Estrain, the strain energy of an infinite graphene
layer stretched (or compressed) at its edge to match the M–M
distance along the zigzag {101} step of the metal. The critical value
of Ntot above which graphene growth on a metal will be stable, NC, is
determined by letting dDG/dNtot = 0.

Application of Eq. 1 to determine NC for Pt, assuming that the
precursor for carbon deposition is C2H6, reveals an interesting sit-
uation. The value of DlC at 600 �C in the present case is 0.40 eV
[50], whereas the values of Eedge and Estrain are estimated to be
0.80 eV and 0.55 eV, respectively [33]. Because of the value of
Estrain for Pt exceeds the DlC, DG is always positive, suggesting that
the nucleation of graphene could not occur. The authors of Ref.
[33] point out, however, that the assumption that Estretch � Estrain

may overestimate the energy associated with larger, finite-sized
graphene islands, because the perimeter atoms away from the step
edge may have more degrees of freedom to match the metal lat-
tice. By contrast, evidence from a number of sources indicates that
graphene has only a small interaction with a Pt(111) surface and
that the growth of graphene on this surface is not epitaxial [51–
57]. Because of this weak interaction, stress relaxation of graphene
sheets formed on Pt(111) can be relieved by the formation of folds
and wrinkles. Consistent with these findings, the graphene-
Pt(111) separation and the separation of two graphene sheets
are found to be �3.30 Å, nearly identical to the interlayer spacing
of graphite, 3.36 Å [51]. On the basis of this evidence, it is reason-
able to conclude that Estretch would be considerably smaller than
0.55 eV. If it assumed that Estretch = 0.30 eV, the value of Ir, a metal
that also exhibits a weak graphene–metal interaction [52], then NC

for Pt is estimated to be 21 and the corresponding value of Nedge is
5. This means that in order to nucleate a graphene layer the step
edges should contain more than five Pt atoms or be about
1.4 nm (5 � 0.278 nm) in length. Consistent with these calcula-
tions, we observe that particles with average diameters smaller
than about 2 nm do not form much carbon, since only a fraction
of such particles will be sufficiently large to nucleate graphene
growth at 600 �C. A similar effect of metal particle size on the rate
of carbon deposition has been reported previously for Ni particles
[27]. We note, however, that with increasing temperature the va-
lue of DlC increases and hence the value of NC decreases, from
which it is concluded that the average size of Pt nanoparticles on
which graphene formation can occur declines with increasing tem-
perature. Moreover, as the value of DlC becomes larger when iso-
butene instead of ethane is used for carbon deposition, DG
decreased correspondingly, thereby facilitating carbon growth, in
agreement with our in situ TEM observations. Similarly, if ele-
ments are alloyed with Pt, e.g., Sn, Ga, In, which cause an increase
in Estrain or that just block the steps for carbon, then the value of NC

will increase and the temperature required to nucleate graphene
growth on a Pt bimetallic particles of a given size will increase
[27].

The picture of graphene formation described earlier is also con-
sistent with the TEM images presented in Figs. 6, 9 and 10, which
show the distance between the Pt particle and the first graphene
and between adjacent graphene–graphene layers is �3.5 Å. These
large distances are similar to those reported in surface science
studies on graphene formation on Pt(111) [51]. Of particular note
is the large spacing between graphene layers seen in Fig. 9. Further
evidence of weak interaction between Pt and the graphene basal
plane is the presence of numerous folds and wrinkles in the



Fig. 11. Schematic illustration of graphene layer growth on Pt particles of
increasing size: (a and b) graphene growth from onto the (111) surface of Pt
initiated at a [101] step; (c and d) envelopment of Pt particles by graphene for
particles greater than �6 nm in diameter; (e and f) formation of graphene
nanotubes on Pt particles of 2–6 nm; (g and h) formation of graphene sheets and
their migration to the support for Pt particles less than 2 nm in diameter.
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graphene layers after they are formed, features that can be clearly
seen in Figs. 9 and 10.

The changes in the form of graphene growth with Pt particle
size can be explained in terms of the balance between the free en-
ergy gained upon the formation of graphene and the interactions
between graphene layers and the strain in the graphene layers in-
duced by bending the layers so that they can contour the surface of
particles on which they are formed. While interlayer interactions
will work to stabilize the growth of graphene, bending of the layers
will offset this stabilization. It is for this reason that the form of
graphene growth is dependent on the size of the Pt nanoparticles.
This point is illustrated by the schematics of graphene layer growth
shown in Fig. 11.
4. Conclusions

Both in situ and ex situ HRTEM experiments were used to inves-
tigate carbon formation upon exposure of MgO-supported Pt nano-
particles to hydrocarbons. TEM observations suggest that the
formation of graphene layers initiates at low-coordination number
sites located at step on the surface of Pt nanoparticles. The absence
of any change in the lattice parameters of Pt during the course of
carbon deposition supports the proposal that carbon deposition oc-
curs via a surface diffusion mechanism. The progress of graphene
layer growth depends on both the size and shape of the Pt parti-
cles. Particles of greater than about 6 nm in diameter become
enveloped in layer of turbostratic graphene, the number of which
grows with the time of exposure of the sample to hydrocarbon.
For smaller Pt particles, the graphene layers can form carbon nano-
tubes or sheets that slough off onto the support. The size depen-
dency of carbon growth is attributed to the accommodation of
strain energy generated in the graphene layers and the minimiza-
tion of overall free energy in the growth process. Pt particles of
similar size but varied shape catalyzed the formation of different
carbon structures under the same condition, revealing other con-
tributing factors besides the traditional understanding on their
growth. The systematic study on size and shape effects on the car-
bon deposition may be instructive in developing new catalyst in-
tended for both carbon growth and suppression. In particular, we
suggest that the observed suppression of carbon deposition on
bimetallic Pt nanoparticles containing Sn, Ga, or In as the second
element may be due to the presence of these elements at the edges
of step in the metal particles, where they may inhibit the nucle-
ation of graphene layer growth.
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