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G
raphene is one of the most promis-
ing materials for future applications
in nanoelectronic devices, sensors,

electrodes, and composite nanosystems.1,2

The production of single- or multilayer gra-
phene has been carried out by different
techniques, such as exfoliation,3,4 surface
decomposition of carbides,5,6 chemical va-
por deposition (CVD),7-10 carbon segrega-
tion from solid solutions,11-16 or other che-
mical methods.17 In CVD, which has been
applied for more than a decade in the
growth of carbon nanotubes18 as well as in
solid-state transformations, the basic me-
chanism is the transformation of carbon
from an organic gas or from a solid solution
to graphene by the catalytic action of a sui-
table metal. Of major importance in the
growth of high-quality layers of graphene
are therefore the role of the catalyst, carbon
solubility, and diffusion in or on metal crys-
tals, and the influence of temperature.
Here we show that graphene can be

grown ina solid-state transformationof amor-
phous carbon in the presence of a catalyti-
cally active transition metal. This is an alter-
native route and allows us to study in detail
the mechanisms of nucleation and growth
of graphene in real time and at high spatial
resolution by in situ electron microscopy. In
situ electron microscopy has already been
applied in several growth studies of carbon
nanotubes19-26 but only in surface micro-
scopy studies for observing the growth of
graphene.14,27 In the present work, we show
how amorphous carbon is taken up by Fe,
Co, or Ni crystals and later nucleates as
single- or few-layer graphene on the metal
surface. It is a solid-state transformation that
works in vacuum (no gases are involved)
and at moderate temperatures. We make
use of the different energies of amorphous
and graphenic carbon and apply a metal

catalyst as a diffusion channel for carbon
atoms that lowers the transformation barrier.

RESULTS

As described in the Experimental Meth-
ods section, thin polycrystalline but coher-
ent layers of Fe, Co, Ni, and Cu were de-
posited onto amorphous carbon films. Anneal-
ing of the carbon-metal bilayer samples at
temperatures above 400 �C (Co) and 500 �C
(Ni) caused the coalescence of metal crys-
tals by migration of the metal crystals and
Ostwald ripening.28 Thus, isolated and thick-
er metal islands were formed, leaving un-
covered areas of the carbon film between
them, as shown in a low-magnification over-
view in Figure 1. At temperatures up to
600 �C, both Co and Ni left the amorphous
carbon film unchanged when migrating
and coalescing. At higher temperatures,
however, the migration of the metal islands
during further ripening caused a transfor-
mation of the underlying amorphous car-
bon film to single- or multilayer graphene.
Theprocess is shownschematically inFigure2.
Although the ripeningeffect did alsooccur for
Cu crystals, no transformation of the carbon
film by Cu was observed in the whole tem-
perature range.
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ABSTRACT Single and few-layer graphene is grown by a solid-state transformation of

amorphous carbon on a catalytically active metal. The process is carried out and monitored in

situ in an electron microscope. It is observed that an amorphous carbon film is taken up by Fe, Co, or

Ni crystals at temperatures above 600 �C. The nucleation and growth of graphene layers on the
metal surfaces happen after the amorphous carbon film has been dissolved. It is shown that the

transformation of the energetically less favorable amorphous carbon to the more favorable phase of

graphene occurs by diffusion of carbon atoms through the catalytically active metal.
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The segregation of graphenic carbon from themetal
crystals was seen as a flat graphene layer in the trace of
the migrating metal island but also in the shape of
graphitic layers around the metal particles. In order to
visualize the formation of graphene in situ, two proce-
dures have been applied:

(1) As described above, annealing at temperatures
above 600 �C leads to further ripening of the
metal crystals. In the traces behind by the migra-
ting metal islands, graphene layers become visi-
ble. The areas of the graphene layers as shown in
Figure 1C were typically 0.01-0.02 μm2.

(2) Electron irradiation of the edge of ametal island
sitting on the amorphous carbon film leads to
the growth of a thin metal layer above 500 �C,
starting from the island and growing over the
amorphous carbon. This effect is due to the
beam-induced surface migration of metal atoms
that become attached on top of the amorphous
carbon layer at the edge of the metal island (J. A.
Rodríguez et al., manuscript in preparation). The
metal growth follows the beam spot, which is
moved slowly in a defined way to create a thin

metal lamella on the amorphous carbon film. The
inherent instability of such a metal lamella with
increasing aspect ratio leads to a sudden retrac-
tion of the lamella toward themetal island after a
certain length has been exceeded. The retraction
can also be induced by increasing the tempera-
ture. At a sufficiently high temperature, the trans-
formation of carbon can be seen on the trace of
the retracting metal lamella. With this technique,
graphene was obtained even below 600 �C,
though of a rather defective nature. Typical gra-
phene layers grown by this technique were 10-
20 nm in width and 100-200 nm in length.

Figure 3 shows examples of graphene grown from
Fe, Co, and Ni after heating-induced metal migration.
The graphenic areas often show different crystallo-
graphic orientations, separated by defect boundaries
(Figure 3B,C). Point defects such as vacancies are al-
ways present. Although some of them might have
been created during growth, the majority are due to
exposure to the electron beam (200 keV energy). Under
the unavoidable electron irradiation in this in situ

study, vacancies appeared and grew rapidly so that
larger holes in the graphene layers appeared. This is a
well-known irradiation effect occurring in graphenic
structures when the electron energy exceeds the
threshold for carbon atom displacements of approxi-
mately 80-90 keV.29-31 Metal atoms, seen as dark
spots, were also frequently observed on the graphene
layers, pointing to the existence of a strong graphe-
ne-metal interaction which induces metal leaching
onto the graphene during its growth.
The observations indicate that graphene layers grow

on the whole surface of the metal and not only from
the retracting edge. This became visible when con-
tamination in the form of graphitic particles or metal
atoms was located on the side of the graphene layers
opposite to the metal. If the metal crystals were thin

Figure 1. Plan-view scanning transmission electron microscopy (STEM) dark-field images of Ni crystals on an amorphous
carbon film at 400 �C (A), 600 �C (B), and 720 �C (C). (A) At 400 �C, the coherent polycrystalline Ni film (bright) covers the C
substrate entirely; holes in the C film appear black. (B) At 600 �C, ripening of themetal crystals starts and uncovers areas of the
amorphous carbon film (light gray contrast). (C) At 720 �C, ripening continues and graphene areas appear (dark, markedwith
arrows).

Figure 2. Schematic drawing of the growth process.
Amorphous carbon (a-C) is taken up by the metal at high
temperature. As soon as the bottom surface is uncovered, a
graphene layer nucleates there. Retraction of the metal
leaves a self-supporting graphene layer.
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enough, the contaminants were already observable
through the metal before but also after the metal had
retracted. These contaminants do not change their
position when the metal layer moves over them. An
example is shown in Figure S1 and Video-S1 in the
Supporting Information. Graphene growth from the
retracting edge of the metal crystals can thus be
excluded. Graphene growth occurs in many cases on
both sides of the metal, that is, at the metal surface
where the interface with the amorphous carbon film
had initially been located, but also on the opposite
side. No influence of the crystallographic orientation of
the metal on the nucleation and growth of graphene
was observed, thus epitaxial constraints can be ex-
cluded.
Figure 4 shows the growth and retraction of a metal

lamella by electron irradiation (procedure 2). After
retraction of the metal, the amorphous carbon layer
has vanished and graphene is left, similar to the case of
thermal migration of the metal. The beam-induced
growth of the metal lamella has the experimental
advantage that patterns ofmetal layers, and eventually
patterns of graphene, can be created. Examples are
shown for Ni (Figure 4A-C) and Co (Figure 4D-F).
High-resolution imaging (Figure 4G) and diffracto-
grams (inset below Figure 4F) show that the vacated
traces are occupied by graphene, whereas the sur-
rounding layer is still amorphous. The whole process of
retraction of the metal lamella can be seen in Video-S2
of the Supporting Information. An impression from the
dynamics of the process can be gained from another
example in Video-S3.

To detect the presence of carbon in the metal layer
during graphene growth, Figure 5 shows electron
energy loss spectra (EELS) from a line scan of the
electron beam across a Co lamella that grew over the
amorphous carbon film under electron irradiation at
550 �C. A reference spectrum (RT) taken from the pris-
tine metal-carbon bilayer system at room tempera-
ture, before an interaction took place, shows both the
carbon and Co edges.Whereas pure carbon is detected
on the uncovered amorphous carbon film (a, b, g), the
carbon edge drops and eventually vanishes while the
Co edge appears when the beam ismoved across the Co
lamella (c-f). This shows that the amorphous carbon has
been taken up completely by the metal layer.

DISCUSSION

The segregation of graphitic carbon from carbon-
doped transition metals has already been studied in
the 1970s and 1980s, for example, in the growth of
carbon layers on Ni11 or on Co and other transition
metals.12 It has been found that a “surface monolayer”
of carbon (which was presumably what we call gra-
phene today) grows, for example, on Ni(111) surfaces
in a range between a precipitation temperature Tp and
a segregation temperature Ts. Below Tp, bulk graphite
precipitates on the surface, whereas above Ts, the
coverage of the surface is too low for a coherent carbon
layer. These studies have already shown that graphene
(although its structure was not characterized) grows
after bulk diffusion of carbon in a metal and successive
segregation. The growth of graphene in a solid-state
process has also been shown in recent studies by STM,

Figure 3. Graphene grown from Ni (A), Fe (B), and Co (C) crystals at 730, 680, and 640 �C, respectively. (A) Single- (I) and
double-layer (II) graphene regions at the edge of a retracting Ni crystal. Diffractograms I and II (obtained by Fourier
transformation from the dashed squares I and II) show the presence of a single layer (I) and a double layer (II), where the two
planes are rotated by 25� relative to each other. (B) Few-layer graphene grown from Fe (visible in the upper left corner)
showing vacancies and larger defects. (C) Graphene grown from Co. The annular hole around the metal was made
intentionally with the electron beam to allow an estimation of the number of layers.
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for example, by transferring carbon atoms from HOPG
through Ni crystals.32

The present study is widely in accordance with the
early work. From our observations by imaging and
EELS, it is clear that the amorphous carbon layer is
taken up by the metal crystal at temperatures above
600 �C (Co, Ni) or 560 �C (Fe). Since amorphous carbon
is metastable and thus an energetically higher mod-
ification of carbon, the barrier for diffusion into the
metal should be lower than that for carbon atoms in
the energetically more favorable modification of gra-
phene. Overall, there is an energy gain when the
system transforms from amorphous carbon with its
unsaturated bonds to perfect graphene. Since the
solubility of carbon in the metals is too low for an

uptake of all carbon from the underlying film (e.g., < 0.1
atom % C in Co at the highest temperature of this
study12,33), we have to assume thatmost carbon atoms
diffuse sideways and segregate at the edges of the
metal crystals. Indeed, this is seen in the shape of
disordered graphitic layers forming on and in the
vicinity of some of the metal crystals (Figure 4G). This
phenomenon is similar to what has been observed
during carbon nanotube synthesis frommetal catalysts
where carbon precipitates on some specific surfaces of
the particle to form the nanotube. In any case, it is
obvious to assume that themetal crystals are saturated
with carbon before the precipitation of graphene.34

Once the amorphous carbon layer disappears from
the interface, a graphene layer nucleates on the same

Figure 4. Growth and retraction of metal lamellae on amorphous carbon by electron irradiation and subsequent growth of
graphene. (A) Ni crystal before generation of the lamella. (B) Lamella as created by electron irradiation. (C) Retraction of the
lamella at 560 �C. (D-F) Retractionof a Co lamella at 640 �C at acquisition times of 1 (D), 159 (E), and 196 s (F) after formation of
the lamella. A graphene layer is always left in the “fjord”, where the lamella has retracted. Diffractograms from the amorphous
surrounding film and the graphene layer in (F) are shown in the insets. (G) Double-layer graphene after retraction of a Ni
lamella at 720 �C. Graphitic layers originating fromcarbon segregationon topof theNi crystal are visible on the left-hand side.
A hole in graphene (bottom) has intentionally been made with the electron beam to determine the number of layers.
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surface of the metal crystal, but growth may happen
on the other side, as well. It appears that a flat metal
surface is necessary for graphene growth. Surface (res-
pectively interface) steps may play a role during the
nucleation of the graphene layer,14,35 although these
steps were not visible here.
Since graphene growth occurs at constant or even

rising temperature, a nucleation due to cooling-in-
duced supersaturation can be excluded. The solubility
of carbon in the metal is important as the thickness of
graphene (i.e., the number of layers) increases with
increasing solubility of carbon in the respective metal,
that is, from Co over Ni to Fe. On Cu with its negligible
solubility for carbon, no nucleation of graphene is
observed. On Co, which has a low solubility for carbon,
single-layer graphene was observed frequently,
whereas Fe (high carbon solubility) produced rather
multilayer graphene. (As a side note, we are not aware
of other recent studies showing graphene growth from
Fe crystals.) The thickness of the metal layer from
where graphene grows might also play a certain role
(e.g., Fe formed thicker crystals than Co in our study).
The diffusivity of carbon in all transition metals is fast
(e.g., 1.4 � 10-14 m2 s-1 in Co at 600 �C36); therefore,
we can exclude diffusion as a growth-limiting factor in
this process. Themetal crystals act as diffusion channels to
transport carbon atoms rapidly to each location at the
surface so that a continuous graphene layer segregates.

CONCLUSIONS

We have shown that graphene layers can be grown
by dissolving amorphous carbon in catalytically active
solid metals. The experimental advantage of this pro-
cedure is the possibility to observe the growth of
graphene in situ at high resolution in an electron
microscope. We can conclude that saturation of the
metal with carbon and bulk diffusion of carbon in the
metal precedes the nucleation and growth of gra-
phene. The transformation from amorphous carbon
to graphene is driven by a lowering of the energy of the
system, while the reaction barrier for this transforma-
tion is lowered by the catalytically active metal. The
growth temperature can be kept lower than in most
other techniques of graphene growth (e.g., from the
gas phase). The rather high concentration of defects
in graphene, such as tilt boundaries, that we observe
in the present work could be avoided at higher growth
temperatures and by using metals with a lower carbon
solubility.
The technique of transforming amorphous carbon

to graphene may find different applications in nano-
technology. Amorphous carbon can easily be eva-
porated on transition metal layers (the inverse of the
preparation procedure in this study). After heating,
the metal could be removed by etching so that
free-standing graphene layers remain in preselected
positions.

EXPERIMENTAL METHODS
Coherent polycrystalline films of Fe, Co, Ni, and Cu with

thicknesses and crystallite sizes of approximately 10 nm (Co,
Ni, and Cu) or 30 nm (Fe) were sputtered onto amorphous

carbon films of approximately 20 nm in thickness spanning over

the holes of Cu grids for electron microscopy. The metal

deposition was carried out in a cathodic sputtering chamber

with an Ar atmosphere (0.1 Pa) at room temperature. In situ

electron microscopy of the samples was performed in the
heating stage of a transmission electron microscope (JEOL
2100F, equipped with an aberration-corrected condenser and
operated at 200 kV). Images were recorded with a CCD camera,
and electron energy loss spectra (EELS) were taken with an

imaging filter (Gatan). The evolution of the specimens as a

Figure 5. EELS froma line scan over a Co lamella grownby electron irradiation on an amorphous carbon film. The image on the
left is a dark-field STEM image showing the Co layer in bright contrast. The spectrum labeled RT was taken from the pristine
metal-carbon sample at room temperature before the interaction of Co with carbon. After the interaction at high
temperature, seven spectra have been taken on the points labeled a-g. The spectra from the uncovered carbon film (a, b, g)
show the carbon edge at 283 eV. Spectra taken from the area covered by the Co lamella show the Co edge at 779 eV but almost
no trace of carbon.
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function of temperature wasmonitored in situ by increasing the
temperature in small steps from room temperature to 730 �C.
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Supporting Information Available: Another image showing
the growth of graphene from retracting metal islands is pre-
sented as well as an image series where the presence of
graphene prior to the retraction of the metal is demonstrated.
Three video sequences show the growth of graphene layers.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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