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Scalable, economical growth is a key requirement to utilize the
unique properties of mono- and few-layer graphene (M-/

FLG) for electronic device applications. One of the most
promising and versatile growth techniques for M-/FLG is
catalytic chemical vapor deposition (CVD) in which transition
metal surfaces are exposed to a gaseous carbon precursor at
elevated temperatures. Graphene CVD over large areas has been
demonstrated in particular with sacrificial polycrystalline metal
films or foils of for instance Ni,1�3 Ru,4 or Cu.5,6 However, with
limited understanding of the detailed growth mechanism(s),
growth control remains rudimentary. CVD optimization has in
most cases focused empirically on the carbon dose and the
process temperature profile.7�9 Catalyst choice is typically
guided by a low bulk C solubility and as-selected catalysts, for
example, Cu, require excessive CVD temperatures of the order of
1000 �C, where considerable metal sublimation occurs. For lower-
growth temperatures, the degree of graphitization and the average
graphene domain size are reported to decrease. In particular for
temperatures compatible with back-end CMOS integration
(e450 �C), carbon films with only nanocrystalline domains have
been grown by thermal CVD10,11 and highly defective FLG-based
films are reported for plasma-assisted CVD.12

Unlike previous literature that focused on elementary metal
catalysts, here we study catalyst alloying to create additional
degrees of freedom for the optimization of M-/FLG CVD and
rationalize the catalyst design by in situ metrology during growth.
We show that alloying polycrystalline Ni with Au allows MLG
CVD at temperatures of 450 �C with reasonable crystallinity and

domain sizes larger than 15 μm. By combining high-pressure,
time- and depth-resolved X-ray photoelectron spectroscopy
(XPS) and in situ X-ray diffraction (XRD), we show that for
Ni-based CVD, graphene growth occurs during isothermal
hydrocarbon exposure and is not limited to a precipitation
process upon cooling, as previously suggested.1,2,13 Graphene
nucleation is preceded by an increase in (subsurface) dissolved
carbon with the formation of a solid solution of carbon in the
catalyst material, which indicates that graphene CVD growth is
not a purely surface process. We suggest that Au decorates a
majority of high reactivity Ni surface sites, such as step edges, and
lowers the stability of surface C.14,15 The Au alloying thereby
drastically lowers the graphene nucleation density, allowingmore
uniform and controlled growth. Designing bulk and surface alloy
catalysts to tune reactivity and selectivity is an approach well-
known in heterogeneous catalysis, but to our knowledge has not
been demonstrated for graphene CVD, despite initial attempts to
use catalyst alloying to control the bulk C concentration in
precipitation experiments.16

We investigate sputter deposited, polycrystalline Ni films
(∼550 nm thick unless otherwise stated) on SiO2(300 nm)/
Si substrates covered with various thicknesses of thermally
evaporated Au (0�10 nm). The samples are annealed and
exposed to hydrocarbons in custom-built cold-wall reactors at
low pressures [LPCVD, base pressures 5 � 10�7mbar,
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ABSTRACT: Low-temperature (∼450 �C), scalable chemical vapor
deposition of predominantly monolayer (74%) graphene films with an
average D/G peak ratio of 0.24 and domain sizes in excess of 220 μm2 is
demonstrated via the design of alloy catalysts. The admixture of Au to
polycrystalline Ni allows a controlled decrease in graphene nucleation
density, highlighting the role of step edges. In situ, time-, and depth-
resolved X-ray photoelectron spectroscopy and X-ray diffraction reveal
the role of subsurface C species and allow a coherent model for
graphene formation to be devised.
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∼450�600 �C, C2H2(2 � 10�6mbar), cooled at ∼25 �C/min]
or in a hot-wall quartz tube furnace under atmospheric pressure
[APCVD, ∼900�1000 �C, CH4(6�20 sccm)/H2(600 sccm),
cooled at∼25 �C/min]. The CVD results are compared to M-/
FLG growth from a solid C precursor17,18 for which we use films
of tetrahedral amorphous carbon (ta-C) ∼3 nm in thickness
deposited using a filtered cathodic vacuum arc (FCVA) onto
SiO2(300 nm)/Si substrates. The ta-C was then covered with the
same Ni and Au�Ni films as for the CVD process and annealed
under vacuum to induce graphene growth [base pressures∼5�
10�7mbar, ∼600 �C, heated and cooled at ∼25 �C/min].

In situ high-pressure XPS measurements during either
LPCVD or vacuum heating were performed at the BESSY II
synchrotron at the ISISS end station of the FHI-MPG. In situ
(grazing incidence) XRD during LPCVD was performed at
the European Synchrotron Radiation Facility (beamline
BM20/ROBL, operated by the Helmholtz-Zentrum Dresden-
Rossendorf). Samples were characterized ex situ, either as-grown
or with the graphene films transferred to a SiO2(300 nm)/Si
substrate, using optical microscopy, scanning electron micro-
scopy (SEM, FEI Philips XL30s, 1 kV), high-resolution transmis-
sion electron microscopy (HRTEM, JEOL JEM 4000EX,
400 kV), and Raman spectroscopy (Renishaw Raman InVia
Microscope, 532 nm excitation). Transfer was carried out using
polymethylmethacrylate (PMMA) to support the carbon films
and a 0.5 M aqueous solution of FeCl3 to remove the catalyst
layer. For the Au�Ni catalysts, an additional etch in a solution of
KI/I2/H2O (4 g/1 g/40 mL) for 5 min was used to ensure
removal of any remaining Au.We note that both the elemental Ni
and the alloy Au�Ni catalyst films are efficiently etched away
using this procedure.

Figure 1 compares SEM images of Ni and Au�Ni catalyst
films after various C2H2 exposure times at 450 �C. For Au�Ni,
graphene nucleii of homogeneous contrast grow and after∼420 s
merge to an almost continuous graphene film. We refer to these
regions that grow from a single nucleation point as domains, and
we observe several of these domains in excess of 20 μm in lateral
size without significant multilayer coverage (as seen by SEM
contrast). Conversely, elemental Ni shows inhomogeneous,
multilayer graphene domains for very short C2H2 exposures

and at ∼420 s regions of constant contrast are <3 μm, and
complete coverage is not achieved. We emphasize that for all LP-
and APCVD conditions considered, Au�Ni yields more uniform
graphene films with fewer layers and much larger domain sizes.

Figure 2A shows typical Raman spectra for transferred M-/
FLG films. A reduction in graphitic quality with reduced growth
temperature is confirmed for the Ni catalyst between 600 and
450 �C by the significant increase in D/G peak ratio from 0.17 to
0.88 and G peak widening from 24 to 39 cm�1. The addition of
Au to theNi catalyst at 450 �C leads to a 4-fold decrease in theD/
G ratio from 0.88 to 0.20 with an accompanying reduction in G
peak width from 39 to 14 cm�1. In addition, increasedmonolayer
coverage is obtained with the Raman spectra for 600 and 450 �C
both showing 2D peaks that are well fitted by single Lorentzian
curves and 2D/G peak intensity ratios >2 (2.36 and 2.10,
respectively) confirming the presence of MLG.19

The optical image of a 35 � 35 μm region of a transferred
graphene film grown on a Au(5 nm)�Ni catalyst at 450 �C
(Figure 2B) shows contrast indicative of predominantly mono-
layer coverage with the few, small, lighter and darker regions
indicative of areas of no graphene and FLG, respectively. Raman
mapping of a region of this film confirms that 74% of the mapped
area has a 2D/G peak intensity ratio of >2 and remaining regions
all have a ratio >1.5 (Figure 2C). The D/G peak intensity map of
the same area (Figure 2D) is reasonably uniform across the
region with an average ratio of 0.24. Figures 2E,F show Raman
maps of an individual domain grown under the same conditions
as the continuous film but with a shorter exposure time
(corresponding to Figure 1D). The 2D/G peak intensity ratio
(Figure 2E) is >2 for almost the entire nucleus area (>220 μm2),
with only a small region (∼1 μm2) at the center with a ratio of
∼1.5. The D/G peak intensity ratio (Figure 2F) is uniformly low
throughout the central area of the nucleus with higher ratios (>1)
around the edges, associated with edge defects.

We therefore confirm that the Au�Ni catalyst can yield
continuous graphene films with predominantlymonolayer cover-
age (74%) and domains with lateral dimensions in excess of
15 μm at 450 �C, which closely correlates with the domain sizes
expected from SEM micrographs (Figure 1). We find that the
majority of domains are MLG, and only a small proportion show

Figure 1. SEMmicrographs of as-grown graphene [LPCVD, base pressure 5� 10�7 mbar, 450 �C, C2H2(2� 10�6mbar), cooled at∼25 �C/min] for
varying exposure times [120�420s] on Ni (A,C,E) and Au(5 nm)�Ni (B,D,F). Samples were preannealed at 600 �C inH2(1mbar) for 15 min and then
cooled to the growth temperature inH2 (1mbar) at 25 �C/min. H2was then removed and the chamber pumped to <1� 10�6mbar, and the temperature
stabilized over 3 min, prior to C2H2 exposure.
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FLG regions, generally confined to the domain center. Figure 2E,
F was chosen to highlight this aspect of the growth, which has
similarities to reports of APCVD growth on Cu.20 We also note
that mapped areas corresponding to FLG commonly show a
slight reduction in D/G peak intensity ratio (Figure 2C,D). We
observe this trend throughout our Raman measurements con-
firming similar observations by Kondo et al.21

In order to develop an understanding of the underlying
growth mechanism(s) and the origins of the notable improve-
ments using Au�Ni catalysts, we use further ex situ measure-
ments and detailed in situ probing.

It should first be noted that catalyst structure and composition
are defined by annealing prior to the hydrocarbon exposure,
which promotes grain growth and (for the bilayer films) the
formation of Ni-rich solid solutions. On the basis of the Au�Ni
bulk phase diagram,22 we expect Ni-rich solid solutions at all of
the given growth conditions, that is, the initial Au top-layer
dissolves into the Ni film upon annealing. Assuming a homo-
geneous dissolution, initial 3, 5, and 10 nm Au top-layers
correspond to approximately 0.4, 0.6, and 1.2 atom % bulk Au
compositions, respectively.

Figure 3A shows a postgrowth cross-sectional TEM image of a
Au(10 nm)�Ni catalyst film after APCVD at 1000 �C. Grain
boundaries are seen to extend through the full thickness of the
catalyst film and the average grain width of ∼0.9 μm seen in
cross-section is in agreement with plan-view SEM analysis of
catalyst films annealed at 1000 �C. We note that the grain sizes
for Ni and Au�Ni films are similar, excluding alloy induced
changes in catalyst grain size from causing the observed differ-
ences in graphene growth. High-angle annular dark field
(HAADF) profiles (not shown) of the Au�Ni layer shown in
Figure 3 exhibit uniform contrast across the entire cross-section,
that is, show no evidence for any significant localized Au
enrichment after carbon exposure and cooling. The presence
of Au within all regions of the catalyst film was confirmed by
energy dispersive X-ray spectroscopy (EDX). No evidence of any
structural Ni carbide phases is found by TEM (in agreement with
XRD, see below). In situ XPS measurements of the Au4f7/2 core
level for Au(3 nm)�Ni samples confirm the presence of gold at
the catalyst surface throughout the growth process (see Support-
ing Information Figure S1). The as-deposited catalyst shows a
Au4f7/2 spectra with similar peak positions to bulk Au but on
heating to 600 �C, a small shift of∼0.2 eV in the Au4f7/2 spectra,
toward lower binding energies, is observed (see Supporting
Information Figure S1). This can be attributed to surface alloy
formation23 for which Ni step edges provide preferential sites.24

This shift remains on cooling to 450 �C, confirming Au�Ni
alloying at the catalyst surface for the preannealed bilayer
catalysts at the point of hydrocarbon exposure.

Figure 2. (A) Raman spectra of graphene films transferred to SiO2-
(300 nm)/Si grown on Ni (black line) and Au(5 nm)�Ni (red line) by
LPCVD at 600 and 450 �C. Optical image (B) and Raman maps of 2D/
G peak intensity (C) and D/G peak intensity (D) of a continuous
graphene film transferred to SiO2(300 nm)/Si grown on Au(5 nm)�Ni
by LPCVD (conditions as Figure 1.) with a 330 s exposure time. Raman
maps of 2D/G peak intensity (E) and D/G peak intensity (F) for a
graphene domain transferred to SiO2(300 nm)/Si grown using the same
catalyst and conditions as Figure 1D.

Figure 3. Au(10 nm)�Ni film after APCVD [∼1000 �C, CH4(10
sccm)/H2(600 sccm), 3 min, cooled at∼25 �C/min]. Bright-field TEM
image of a cross-section of the specimen (A). High-resolution TEM
images of FLG�catalyst interface (emphasized by dashed blue lines),
showing graphitic layers running parallel to the metal surface (B), and
the anchoring of graphitic layers to the step edges of the Au�Ni film
(C). The lattice spacings in the metal correspond to Ni(111).
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We find that 3�5 nm Au gives the best graphene uniformity
with regards to our LP- and APCVD reference conditions with
thicker Au layers leading to more inhomogeneous graphene
layers that may be caused by incomplete alloying and Au island
formation on the catalyst surface.25 Attempts to grow on Au�Ni
bilayers at 450 �C without preannealing yielded no graphitic
growth, highlighting the importance of the alloy mixing. We note
that mixing can alternatively be promoted bymetal codeposition.

In Figures 3B,C, a high-resolution TEM image of the cross
sectional specimen shows the interface between the Au-
(10 nm)�Ni catalyst and several graphitic layers. The lattice
spacings in the catalyst correspond to 0.203 nm, which matches
the separation of Ni(111) planes. The effect of Au on the lattice
parameters cannot be quantified from these HRTEM images.
Graphene layers run parallel to the metal surface across the vast
majority of the cross sectional sample (Figure 3B). Figure 3C
shows a grain for which the interface is not parallel to the
substrate normal (horizontal in this image), and thus has a
higher density of step edges associated with it. Close to the
interface, the (002) graphitic planes form an angle of ∼7.5� to
the Ni(111) planes, but progressively bend to align perpendicu-
larly to the substrate normal. The graphitic layers appear
anchored to the catalyst surface, demonstrating an important
parallel to carbon nanotube growth.26 This also relates to how
additional graphene layers are formed in the case of the FLG
centers seen for some domains on Au�Ni (Figure 2E).

In order to gain insight into the detailed catalyst behavior, we
use in situ, time-, and depth-resolved XPS to monitor LPCVD
based recipes. To complement the surface sensitive XPS, we use
in situ, grazing incidence XRD with an estimated information
depth of ∼50 nm.

Figure 4A shows X-ray diffractograms at salient stages of the
growth process. During heating of the catalyst film in vacuum we
find sharp Ni(111) and Ni(200) reflections,26,27 indicating that
theNi is metallic and of face-centered cubic (fcc) structure. Upon
C2H2 exposure a weak graphite (002)28 reflection develops,
demonstrating that isothermal growth of FLG occurs upon the
introduction of C2H2. The structure of the Ni remains virtually
unchanged during exposure, and most notably, no bulk crystal-
line Ni-carbide29,30 is formed. Further confirmation of this is
obtained from Figure 4B, which shows the intensity of the
graphite (002) and Ni3C(113) reflection positions as a function
of time during C2H2 exposure. On the introduction of C2H2, the
graphite signal rises almost immediately above the background
and then continues to increase with further exposure, but
immediately levels off when the C2H2 supply is removed. During
the same C2H2 exposure, however, no (even temporary) rise in
the carbide signal above background is observed, excluding even
transient formation of crystalline Ni3C. Longer (>60 min)
exposures (not shown) confirm that the FLG growth is not
self-limited but produces graphite-layers from metallic Ni with a
constantly growing graphite (002) signal.

In situ XRD further allows a monitoring of the Ni lattice
parameters during the CVD process. On the basis of Rietveld
refinement of the Ni reflection positions in the 2θ range 27�67�,
calibrated for thermal expansion, we find that during isothermal
growth in C2H2(∼1 � 10�4mbar) an irreversible lattice expan-
sion occurs, which is retained on C2H2 removal. At an exposure
temperature of ∼550 �C this lattice expansion is found to be
0.0010 ( 0.00016 Å. To confirm that carbon and not hydrogen
(from C2H2) causes this expansion of the Ni lattice, we cross-
checked that the lattice expansion due to H2(∼1 mbar) exposure
for our CVD temperatures (450�750 �C) is reversed on H2

removal. Furthermore at the LPCVD pressures even this rever-
sible effect from H2 is found to be negligible. This clearly shows
that a Ni�C solid solution in the bulk of the metal catalyst film is
formed during graphene growth. The lattice expansion corre-
sponds to 0.14 ( 0.02 atom % C, which is in good agreement
with the phase diagram value of ∼0.15 atom % at 550 �C.31

Figures 5 A,B compare the time-resolved evolution of XP C 1s
core level spectra during C2H2 exposure at∼600 �C for a Ni and
Au�Ni catalyst film. We focus on the appearance of four
components at approximately 283.2 eV (CA), 283.8 eV (CDis),
284.4 eV (CGr), and 284.8 eV (CB) in the C 1s spectra reflecting
the presence of distinct C species which evolve differently as
growth proceeds on each catalyst. Figure 5C,D shows SEM
micrographs of samples grown under similar conditions to the
in situ XPS measurements. These are representative of an
intermediate stage of growth, and again show that the presence
of Au in the catalyst reduces the spatial variation in graphene
thickness, with areas of constant contrast increasing from
<10 μm2 for Ni to up to 800 μm2 for Au�Ni, which is correlated
with the XPS results below.

On introduction of C2H2 at the growth temperature, CA

appears first for both catalysts (Figure 5A,B), but is significantly
weaker for the Au�Ni catalyst. CDis appears next and grows in
intensity with time, until CGr and CB emerge concurrently. The
ratio of these latter components varies noticeably for the two

Figure 4. (A) In situ XRD diffractograms of Ni(∼170 nm)/SiO2-
(200 nm)/Si at various stages of LPCVD. (B) Time-resolved plot of
graphite (002) and Ni3C(113) peak intensities for Ni(∼170 nm)/
SiO2(200 nm)/Si during LPCVD. Amonochromatic X-ray beam of 11.5
keV, and a wavelength of 1.07812 Å (selected by a Si(111) double crystal
monochromator) with an incident angle ofαi = 0.5�was used. Diffracted
X-rays were measured using a horizontally aligned Soller slit system and
a scintillation detector.
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catalyst systems and with exposure time. CB initially dominates
for the Ni catalyst, and CGr for Au�Ni. CGr becomes increasingly
prominent as growth proceeds and eventually becomes the
dominant species for both catalyst systems, although the CB

component continues to be consistently higher for elemental Ni
compared to Au�Ni.

CA is a separate species appearing at the catalyst surface at start
of growth (Figure 5A,B), and so we expect it to be related to
surface C atoms at certain positions on the Ni. Recent results
from graphene growth on Ir(111) catalyst films, which found a
XP spectral component at a similar binding energy position,32

indicate that these lattice positions may well be locations at step-
edges or similar Ni defect sites. The formation of a Au�Ni

surface alloy, and resulting decoration of a majority of high
reactivity Ni surface sites such as step edges with Au,24 is known
to lower the stability of surface C15. The heavy suppression of CA

(Figure 5B) thus supports our assertion that CA is related to
surface C atoms at Ni defect sites.

In situ XPS measurements during the annealing/cooling of Ni/
ta-C and Au(3 nm)�Ni/ta-C layer structures at ∼600 �C (not
shown), show the presence of the same four peaks and a similar
evolution of XPS core level signatures as for the LPCVD experi-
ments. This indicates similar growth mechanisms for solid and
gaseous carbon sources, and importantly that CA cannot be
assigned to simply an adsorbed gas species.33 This is further
corroborated by C2H2 exposures at 100 �C, which reveal adsorp-
tion/decomposition species at energies distinct from CA in the C
1s spectra (283.46 eV for Ni, 283.48 eV for Au(3 nm)�Ni).

The interpretation of CDis is clarified by depth-resolved in situ
Ni2p3/2 core level spectra taken after growth at the exposure
temperature (Figure 6). A peak is observed at 852.6 eV corre-
sponding to metallic Ni (NiM) alongside a distinct component at
853.0 eV (NiDis). The intensities of NiDis and CDis correlate
throughout our experiments, implying that these two compo-
nents are related. Figure 6 shows that for both Ni and Au�Ni
catalysts, NiDis is more intense for “bulk” sensitive XPS condi-
tions, indicating that NiDis/CDis does not solely reflect a surface
species and that our data is not consistent with a growth
mechanism based on the transformation of a surface carbide
such as Ni2C.

34,35 We have already confirmed the presence of a
Ni�C solid solution in the catalyst with no accompanying bulk
carbide (Figure 4). Therefore, we assign NiDis/CDis XPS signa-
tures as dissolved C, rather than as a carbide phase, which is a
common assignment in previous literature.36�38

We assign CGr as graphitic (sp
2 hybridized) carbon and CB as

deleterious (sp3 hybridized) carbon or carbon at the periphery of
graphene/FLG domains, based on comparison with other
literature32,33 and our previous XPS measurements on carbon

Figure 6. Depth resolved in situ XPS Ni2p3/2 core level lines for Ni (A)
and Au(3 nm)�Ni (B) films after LPCVD, before cooling. All spectra
are background corrected (Shirley) and collected in normal emission
geometry at photon energies of 1010 eV (surface sensitive; λescape ≈ 7 Å)
and 1300 eV (bulk sensitive; λescape ≈ 10 Å) with a spectral resolution
of ∼0.3�0.4 eV. Increased information depth is achieved using higher
incident X-ray energies and hence increased electron mean free path
lengths. The spectra are fitted using Doniach-�S�unji�c functions convo-
luted with Gaussian profiles with an accuracy of ∼0.05 eV.

Figure 5. Time-resolved in situ XPS C1s core level lines for Ni (A) and
Au(3 nm)�Ni (B) films during LPCVD. All spectra are collected in
normal emission geometry at photon energies of 435 eV (surface
sensitive; λescape ≈ 7 Å) with a spectral resolution of ∼0.3 eV. The
spectra are fitted using Doniach-�S�unji�c functions convoluted with
Gaussian profiles with an accuracy of ∼0.05 eV. Time signatures are
relative to when the C2H2 valve is opened and spectral acquisition
begins, however exposure pressure is not instantaneously reached. SEM
micrographs of as-grown graphene [LPCVD, base pressure 5 �
10�7mbar, 600 �C, C2H2(2 � 10�6 mbar), cooled at ∼25 �C/min]
on Ni (C) and Au(3 nm)�Ni (D) representative of an intermediate
stage of growth (2 min).
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nanotube CVD.26,39 Hence, the suppression of CB for Au�Ni
catalysts compared to Ni indicates a reduction in defective,
amorphous carbon as well as a decrease in the domain boundary
density associated with larger graphene domain sizes, consistent
with Figures 1 and 2. This reduction in CB is preceded by a
suppressedCA component (Figure 5B), and this can be explained
by a reduction in nucleation density due to fewer surface C
atoms. The decreasing CB/CGr peak ratio observed for both
catalysts as growth proceeds is attributed to the decreasing
proportion of edge atoms as domains grow. Our in situ measure-
ments have therefore shown that C accumulates below the
catalyst surface before M-/FLG growth occurs and that the Au
admixture can suppress C anchoring at step edges/Ni defects.

On the basis of our in situ data we suggest a growth model,
summarized in Figure 7. The hydrocarbon precursor dissociates
on the catalyst surface (Step 1). The as-produced C binds to Ni
surface sites (CA) and diffuses into the Ni catalysts causing a
lattice expansion throughout the catalyst bulk and a filling up of
the subsurface region (CDis) (Step 2). Upon adequate C satura-
tion, isothermal graphene nucleation occurs, preferentially at
high reactivity Ni surface sites (Step 3), such as step edges, which
may be dynamically stabilised during the process. This can be
partially suppressed by Au decoration. Individual graphene
domains then expand, under isothermal conditions, until they
coalesce (Step 4). In the case of growth from solid carbon
sources, the hydrocarbon dissociation step is replaced by a
carbon dissolution step, but subsequent growth including the
appearance of C adatoms (CA) at the catalyst surface is otherwise
the same.

This model is corroborated by various unconnected observa-
tions in earlier literature (isothermal graphene formation,33,40,41

importance of step edges for graphene nucleation,14,15,26,42,43

subsurface carbon increase44) and is also found to be consistent
with in situmeasurements during carbon nanotube growth under
similar conditions,45 and hence may be generally applicable to
the catalytic growth of carbon nanostructures.

In summary, we show that by using an Au�Ni alloy catalyst
the nucleation density of graphene is decreased and a drastic
increase in the quality of graphene films is obtained enabling
monolayer graphene growth of reasonable quality even at low
(∼450 �C), CMOS compatible CVD temperatures. In situ
measurements allow us to devise a model of isothermal M-/
FLG growth on Ni-based catalysts. Depth-resolved in situ XPS
highlights the role of subsurface dissolved carbon species,
indicating that the growth mechanism is neither limited to bulk

precipitation upon cooling nor to a pure catalytic surface process.
In combination with in situ XRD, the level of C dissolution into
the catalyst can be quantified and both surface- and bulk-carbide
formation can be excluded. The admixture of Au to poly crystal-
line Ni films allows us to experimentally verify the crucial role of
step edges in graphene nucleation and also introduces the
concept of rational catalyst design into graphene CVD.
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