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38 ABSTRACT

41 The key atomistic mechanisms of graphene formation on Ni for technologically relevant hydrocarbon
43 exposures below 600°C are directly revealed via complementary in situ scanning tunneling microscopy and X-
45 ray photoelectron spectroscopy. For clean Ni(111) below 500°C, two different surface carbide (Ni,C) conversion
mechanisms are dominant which both yield epitaxial graphene, whereas above 500°C graphene predominantly
50 grows directly on Ni(111) via replacement mechanisms leading to embedded epitaxial and/or rotated graphene
52 domains. Upon cooling, additional carbon structures form exclusively underneath rotated graphene domains.

The dominant graphene growth mechanism also critically depends on the near-surface carbon concentration
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and hence is intimately linked to the full history of the catalyst and all possible sources of contamination. The
detailed XPS fingerprinting of these processes allows a direct link to high pressure XPS measurements of a wide
range of growth conditions, including polycrystalline Ni catalysts and recipes commonly used in industrial
reactors for graphene and carbon nanotube CVD. This enables an unambiguous and consistent interpretation
of prior literature and an assessment of how the quality/structure of as-grown carbon nanostructures relates

to the growth modes.

KEYWORDS: Graphene, Chemical vapor deposition (CVD), Ni, surface carbide, Scanning Tunneling Microscopy

(STM), X-ray photoelectron spectroscopy (XPS)
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The route towards the commercial exploitation of graphene's unique properties hinges entirely on the
development of adequate graphene growth and integration technology.' Chemical vapor deposition (CVD) is
widely seen as the most versatile and promising technique for this. Despite recent progress in achieving
graphene CVD over large areas,”® the growth process and underlying mechanisms have yet to be fully
understood. This limits further process and material optimization, and key open questions regarding industrial
materials development remain to be addressed. The formation of high quality graphene at reasonably low
temperatures largely relies on the use of a catalyst. Ni is a common catalyst choice, both for graphene and
carbon nanotube (CNT) CVD,*”’ due to the ease of dehydrogenation of typical hydrocarbon precursors on its
surface, followed by the effective formation of a graphitic lattice. In particular, the atomic structure of
monolayer graphene (MLG) on Ni(111) is thereby a widely studied model system, based on the close lattice
match and related promise for commensurate epitaxial growth of structurally homogeneous graphene.2™° The
relatively high carbon solubility of Ni and resulting carbon dissolution and bulk reservoir effect, combined with
the vast parameter space of catalytic CVD and the related importance of growth kinetics,"**? however, make
growth control and the unambiguous identification of the key growth mechanisms challenging.”* Graphene
uniformity and layer control over large areas remain very difficult to achieve on Ni. Additional complexity arises
from reconstructions that Ni surfaces may undergo upon carbon adsorption, e.g. Ni(111) showing a Ni,C
surface phase.™ Recent literature shows a coexistence of graphene and Ni,C on Ni(111) and suggests that
graphene growth below 460°C occurs via an in-plane conversion mechanism,™ in contrast to graphene growth

1618 This in-plane conversion has been suggested to impose a 3°

via carbon attachment directly on Ni(111).
rotation between the graphene and underlying Ni(111)." Rotated MLG on Ni(111), which is unexpected given
the widely reported 1x1 epitaxial match, has also been linked to graphene growth on top of residual Ni,C

domains® or reported to nucleate directly above a critical growth temperature of 650°C.”° Notably, most data

and literature to date is limited by characterization at a post-growth stage. Hence, despite the atomic structure
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of graphene on Ni having been investigated for decades, there remains limited direct evidence of the atomistic

details involved in the growth process.

Here, we directly study the atomistic mechanisms of graphene formation on Ni via complementary scanning
tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS), both performed in situ under in
operando conditions and supported by systematic ex situ CVD calibrations. We focus on technologically
relevant hydrocarbon exposures below 600°C for which our STM data shows a range of co-existing, competing
atomic-scale growth mechanisms even for a supposedly simple Ni(111) model surface. We report detailed XPS
fingerprints representative of these processes, which allow a direct link to high pressure XPS measurements of
a wide range of growth conditions, including polycrystalline Ni catalysts and recipes commonly used in

industrial reactors for graphene and CNT CvD.>*"*

Our intention is thereby to capture the entire complexity of
the CVD process in order to enable an unambiguous and consistent interpretation of prior literature from
different scientific communities and an assessment of how the quality/structure of as-grown carbon
nanostructures relates to the growth modes. We find that the relative balance among the atomistic processes,
i.e. the dominant graphene growth mechanism, thereby depends not only on conventional CVD parameters
such as temperature and pressure but also on the full-history dependent/adventitious near-surface level of

carbon in Ni, similar to recent reports for other catalyst metals and CNT growth.?***

Our in situ data shows that a clean Ni(111) surface exposed below 500°C predominantly shows an initial Ni,C
reconstruction, which converts into MLG either via an in-plane mechanism, similar to what has been previously
proposed,” or via a novel two-layer mechanism. We show that the carbide conversion mechanisms thereby
always result in epitaxial MLG, i.e. Ni,C is not a source of graphene grain rotation. Above 500°C, graphene
dominantly grows directly on clean Ni(111) via replacement of Ni surface atoms, which leads to embedded
epitaxial and/or rotated MLG domains. Again, we observe no abrupt transition between mechanisms, i.e. no

critical transition temperature, rather the relative abundance of rotated MLG domains increases with
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temperature, indicative of a kinetic selection process. In contrast, given a carbon “contaminated” Ni subsurface
prior to the hydrocarbon exposure, we observe no Ni,C reconstruction even for the lower temperature range,
but observe for instance that epitaxial MLG growth directly on Ni via the expansion of graphene seeds can
predominate across the whole temperature range. Across all experiments, graphene growth occurs during
exposure (or on annealing) at fixed temperatures. Carbon precipitation upon cooling is minor, consistent with
our previously reported kinetic model™ and the low temperature conditions, but it is noteworthy that if it does
occur it is observed exclusively underneath rotated MLG domains, resulting in the formation of Ni,C. This
consistently resolves ambiguity in previous post-growth data interpretation®® and agrees well with reported
bilayer graphene formation under rotated MLG upon cooling from 650°C.*° We discuss how our high pressure
XPS data allows us to generalize these findings to realistic, scalable graphene growth processes as well as being

relevant to CVD of CNTs and other nanocarbons.

RESULTS AND DISCUSSION

As a representative model system, we focus initially on graphene growth on Ni(111) in the 400-600°C
temperature range and adopt a simple one-step CVD process, whereby the sample is heated and cooled in
vacuum, and exposed to an undiluted hydrocarbon precursor (see Methods). We use different base vacuum
conditions, both ultra-high vacuum (UHV, i.e. base pressure < 10° mbar), and high vacuum (base pressure: 10°®-
10° mbar), to bridge a range of CVD conditions. In order to take into account the exposure history and carbon
contamination level in the Ni layers closest to the surface, we differentiate between clean and carbon-
contaminated Ni subsurfaces. The Ni(111) substrates we refer to as having a “clean subsurface” are prepared
by multiple cleaning cycles (see Methods) after which no carbon signatures are observed during extended UHV
annealing (~30 min in p<2x10™ mbar) at the growth temperature in both STM and photoemission

experiments. The substrates referred to as having a “carbon contaminated subsurface” are samples that even
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after cleaning show carbon surface signatures (prior to any hydrocarbon exposure) upon heating to the growth
temperature. All STM experiments have been repeated several times on different regions of the sample using
the same growth conditions to ensure the observed processes are statistically representative. Specifically, we
performed about 20 experiments at 410°C<T<440°C, 20 experiments at 500°C<T<530°C, and 5 experiments at
550°C<T<600°C, for both clean and carbon contaminated Ni subsurfaces. In the following we focus on the key
growth mechanisms for the given conditions, and show representative sequences of STM images in each case.
We emphasise though that all the revealed atomic-scale mechanisms occur simultaneously, and that it is their

relative balance that changes with conditions.

Clean subsurface

Growth at 400-500°C

Figure 1 shows in situ STM images of the Ni catalyst surface during C,H, exposure at 420°C, representative of
different stages of graphene formation during the exposure phase. Figure 1a shows a step edge on the initially
clean Ni(111) surface which appears fuzzy due to the fast dynamics of attaching/detaching metal atoms at
elevated temperature. We cannot directly resolve Ni mass transport on the terraces, as it occurs on a time
scale too short to be followed with our STM scan speed (which requires adatom residence times in surface sites
to be > 10™ s), as typical for self-diffusion processes on metallic surfaces.”” After a few minutes of C,H,
exposure, an almost complete layer of Ni,C forms at the surface (Fig. 1b). The structure of surface nickel

%19 and is

carbide, with Ni,C stoichiometry, has been investigated and described in previous literature,
characterized by a peculiar atomic arrangement and related LEED pattern, which we used as fingerprints to

interpret our images. In particular, the adsorption of C atoms on Ni(111) induces a surface stress, which is

relaxed by a displacement of Ni atoms and by a removal of about 13 atom% of the first metal layer.* The Ni
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and C atoms thereby rearrange into a V39R16.1°xV39R16.1° overstructure, with an almost square ~5 x 5 A%cell.
In this structure, the Ni surface undergoes a “clock” reconstruction, which is reached by squares of Ni atoms
rotating clock- and anti-clockwise. This ordered surface carbide (Ni,C) can be easily recognized in STM by a
superstructure characterized by stripes with a periodicity of ~16.5 A.***° Indeed, our STM images of the
intermediate structure that forms before graphene upon hydrocarbon exposure, shown in Fig. 1b, exhibit both
stripe periodicity and atomic scale arrangement in perfect agreement with refs. ** and *°, as well as the same

LEED pattern, which confirms our assignment.

After several minutes of further continuous exposure, the Ni,C starts to convert into MLG (Fig. 1c), a process
which proceeds over a time scale of a few hours at the given conditions, until a complete graphene monolayer
is produced (Fig. 1d). The atomic scale structure of this graphene layer (see inset Fig. 1d) is an ordered
honeycomb lattice of C atoms with two inequivalent adsorption sites, separated by a distance equal to the

26-28 the

lattice constant of graphene. As previously shown for both experimental and simulated images,
inequivalent adsorption sites of the MLG C atoms, strongly interacting with the Ni substrate, appear as a
triangular close-packed array instead of a honeycomb network. The enlargement of such triangular close-
packed areas in our STM movies upon further hydrocarbon exposure corroborates their interpretation as MLG.
Again, our assignment is consistently confirmed by LEED and XPS (Fig. 3), as well as by UPS (see Supporting
Information). The lack of a moiré pattern indicates that (i) the mismatch between the Ni(111) substrate and the
graphene overlayer is minimal, as expected based on their very close lattice match (~1%),%° and (ii) that the
MLG is not rotated relative to the Ni(111) surface. The absence of a rotation angle is also confirmed by the
LEED pattern of the final surface (see below). The as-formed graphene is thus epitaxial. We estimate a defect

density of ~1-2%, calculated as the fraction of missing C atoms at the bright spots in the STM images, which we

suggest are due to the presence of substitutional Ni atoms.
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We find the Ni,C conversion to be the principal graphene growth route on clean Ni for the low temperature
range probed (400-500°C). Figure 2 is representative of the behavior observed across our experiments, and
identifies two different mechanisms by which this conversion proceeds (see corresponding movies in
Supporting Information): an in-plane conversion mechanism and a distinct two-layer mechanism. Figure 2a
shows STM data representative of the in-plane conversion mechanism. The sequence of images shows a fixed
area of the surface scanned at a frame rate of ~2 images/min during C,H, (2x107 mbar) exposure at 420°C. It is
clearly seen that the MLG (right hand side, Fig. 2a) expands at the expense of the initial Ni,C structure (on the
left, Fig. 2a), whereby the MLG is adsorbed on the same Ni layer supporting the Ni,C (see Supporting
Information for detailed STM analysis). Figure 2(b) schematically highlights the details of this in-plane
conversion mechanism: Ni atoms are ejected from the reconstructed Ni,C layer and quickly diffuse away due to
their high mobility; concurrently the surface carbon coverage increases and a hexagonal graphitic network
forms. As discussed in the following, based on previous literature and supported by our findings on
contaminated substrates (see below), we propose that the additional carbon atoms, in this case, reach the

carbide/graphene interface from below the surface and thereby displace and eject Ni surface atoms.

The MLG growth occurs during exposure at fixed temperature, i.e. the widely held assumption that graphene
growth on Ni is solely based on carbon precipitation upon cooling®” is incorrect. During exposure, hydrocarbon
molecules adsorb on the Ni surface, dissociate, and C atoms dissolve into the Ni. Ni,C nucleation and
conversion requires the build-up of a sufficient carbon concentration at the Ni surface, which relates to the
observed incubation times. In our previous work,'" we established a kinetic model whereby graphene growth
proceeds by the build-up of a local carbon supersaturation at the Ni surface, which depends on the flux balance
between carbon reaching and leaving the catalyst surface. Carbon can arrive via the gas phase (on the clean
portion of the surface or through defects on already carbon-covered areas) or via segregation from the catalyst

bulk, whilst it can leave via diffusion into the catalyst bulk. This general kinetic model is applicable to every kind
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of substrate, both for the Ni,C formation and conversion, as well as for graphene formation directly on Ni. It is
interesting to note that in model systems the Ni,C layer has been reported to passivate the Ni catalyst surface
(at least at step edges).*® This can impede carbon precursor dissociation in an analogous manner to graphene
coverage.'! The more complete this passivation, the more the carbon flux to the Ni surface/interface will be
dominated by isothermal segregation from the Ni bulk. This may account for the notable delay we observe in

graphene nucleation following Ni,C formation.

The general scenario of carbon dissolution and re-segregation to the surface to form graphene by the
observed in-plane Ni,C conversion mechanism is similar to what has been proposed by Lahiri et al.,” and is also
consistent with their DFT results, showing that the process in which Ni atoms at the carbide/graphene interface
are removed from Ni,C and replaced by carbon atoms from the bulk, is exothermic.™ This previous post-growth
data, however, showed a 3° rotation between the graphene and underlying Ni(111) which was suggested to be
due to the preference of the growing graphene to form a coincidence structure with the surface carbide at
their 1D interface.” Our in situ data clearly shows that in all cases Ni,C conversion leads to only epitaxial
graphene formation and we further show that inconsistencies in literature regarding the formation of rotated

15,19

domains due to Ni,C are likely to arise from ambiguity in the interpretation of post-growth data as

discussed in detail below.

Figure 2c shows STM data representative of a different, two-layer Ni,C conversion mechanism (see
Supporting Information for full STM movie). While the graphene island labeled Gr grows via the in-plane
conversion mechanism described above at the edges of the Ni,C region, the MLG domain labeled Gr'® appears
to expand on (and exclusively on) the same Ni,C region. Our height analysis in the Supporting Information
clearly shows that Gr'” grows on a metal atomic layer, probably formed from Ni atoms which were initially part

of the Ni,C along with additional Ni atoms fast diffusing on the surface (see Supporting Information), rather

than as an overlayer on the Ni,C as previously suggested," or as a bilayer graphene region. This last statement
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is also confirmed by ex situ photoemission results, which only indicate the presence of epitaxial MLG for the

same final surface. The proposed conversion process leading to the formation of the Gri?

graphene domain is
schematically outlined in Fig 2d: carbon atoms in the Ni,C layer are promoted one layer higher, whilst the Ni
surface deconstructs back to (1x1), requiring mass transport to supply the additional Ni. Further carbon atoms
arrive, and a graphene island forms. The reaction/conversion front of this two-layer mechanism proceeds at
~0.8 A/s, much faster than the reaction front of the in-plane conversion (~0.15 A/s, values extracted from
movie S2). For the in-plane conversion, the topmost Ni atoms corresponding to 87% of a Ni(111) layer have to
be locally removed whilst for the two-layer conversion, additional Ni atoms corresponding to only 13% of a
Ni(111) layer are required to reconstruct the top-most metal layer. We note that the difference in graphene
growth rate between the mechanisms may relate to this difference in the required Ni mass transport. In the
temperature range considered here, however, we always find the most common growth process to be the in-
plane conversion mechanism, indicating a kinetic selection dominated by a lower nucleation barrier for this
process. Again, the Ni mass transport involved in both of these Ni,C conversion mechanisms cannot be
resolved with the available STM time resolution. It is important to note, that none of our post-growth

measurements reveal the formation of further carbon structures underneath the epitaxial MLG on Ni(111)

following cooling.

Chemical identification of the C species

We further investigate the carbide conversion mechanisms using complementary in situ and ex situ XPS to
provide a record and fingerprint of the chemical evolution of the Ni(111) surface during graphene formation
over a much larger area (from 0.01 to ~1 mm? spot size range). We focus first on obtaining XPS fingerprints for

each of the surface structures observed with STM, by reproducing the same experimental conditions used for
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STM in a conventional UHV XPS system (see Methods). Figure 3 shows the Cls core levels (left), and the
corresponding LEED patterns (right) acquired at RT of clean Ni(111) (Fig. 3a), Ni,C (Fig. 3b), and graphene
covered Ni(111) (Fig. 3c-d) surfaces. The LEED provides a direct link with the structures observed in STM, as a
morphological check to confirm that the expected phase is produced across the surface. We follow the same
deconvolution of the XPS Cls spectra as in Ref. >, using the same four key components, Cx (283.2eV), Cp;

(283.8eV), Cg, (284.4eV), and C (284.8eV).

The Cls spectrum of the graphene covered Ni(111) surface in Figure 3¢ shows a dominant Cz component,
~72% of the total Cls intensity, with the Cp and Cg, contributing ~12% and ~15% respectively, whilst the
intensity of C, is negligible (<1%). LEED shows the hexagonal pattern expected for epitaxial graphene on
Ni(111), and we thereby assign C; to epitaxial graphene. We note that the Cz peak position corresponds also to

3132 the presence of which can be excluded here based on

carbon atoms with different bonding configurations,
our STM observations. Cp;s has previously been identified as interstitial carbon dissolved in to the Ni forming a
Ni-rich solid solution.>** Cg,, has the same energy as for pristine HOPG,** and is thus assigned to weakly coupled
and non-defective graphene layers, which may include rotated graphene, additional graphene layers, or
graphene decoupled from the Ni surface e.g. by intercalation of adspecies.®® During STM experiments few

rotated graphene islands have been observed, and we thus assign the weak Cg, peak to rotated graphene for

the low pressure (<10°® mbar) and low temperature (<500°C) conditions considered here.

For the Ni,C covered Ni(111) surface (Fig. 3b), the most intense peak is C5 (71%), with some C;z (18% -
corresponding to a coverage of ~5% of the Ni(111) surface), a small percent of Cp;s (~7%), and negligible Cg,
(4%) (last two components not visible in figure scale). The presence of Ni,C on the Ni(111) surface is confirmed
by the appearance of its typical LEED pattern®® as shown in Figure 3. Our analysis also indicates that the
intensity ratio between the C; peak of the graphene covered Ni(111) surface and the C, peak of the Ni,C

covered Ni(111) surface is 4.0:1, which within experimental error corresponds to the ratio of the carbon atomic
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densities of graphene and Ni,C (4.7:1)." However we also expect that carbon bonded at Ni surface sites, not
necessarily forming a long-range ordered structure, would show a component of similar binding energy
resulting from a similar charge transfer from Ni to embedded C atoms. This broader assignment of C, could
account for previous observations of a C, peak under conditions where Ni,C may be unstable,>** and will be
addressed in a further publication. Given the direct correspondence between our XPS and STM results, for the
conditions used herein on Ni(111) surfaces, we conclude that C, relates to Ni,C, while C relates to epitaxial

graphene.

Figure 4 shows the time-resolved chemical evolution of the Cls spectra for the Ni(111) surface during
graphene growth, measured using synchrotron radiation (see Methods). We observe the appearance of the
same four, principal components as identified earlier (Ca, Cpis, Csr and Cg). On C,H, exposure, C, and a weak Cp;
signal initially appear, followed by the emergence of the Cz and a smaller C;, component. Cz grows with
continuing hydrocarbon exposure becoming the dominant species, accompanied by a strong reduction in the
Ca peak intensity, until the Cgz peak intensity almost saturates (the exposure was stopped before reaching
complete monolayer coverage). Cg, also grows concurrently with Cg but its intensity remains <10% that of the
dominant Cz peak. This peak evolution allows us to generalize our findings for a wider range of vacuum
conditions (both base and exposure pressures): as soon as the hydrocarbon exposure starts, carbon dissociates
on the bare Ni(111) surface, dissolves in to the Ni leading to an increase in the level of dissolved carbon in the
subsurface, and the Ni,C phase forms across the surface. In this case the induction time is shorter than for STM
experiments (~1’ vs. ~10’), as expected due to the higher C,H, pressure (~3 times).'’ With continuing
hydrocarbon exposure, the Ni,C gradually transforms into epitaxial graphene until almost complete coverage
with an epitaxial graphene monolayer is achieved (see Supporting Information for details on carbide to
graphene conversion growth rate). The presence of the small Cg, peak that accompanies Cg indicates that a

small proportion of the surface is covered with rotated graphene. We emphasize that for our previous
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observations on polycrystalline films, the same four XP components can be consistently fitted and the order of

peak appearance remains the same.>*

This is also the case for graphene growth from different carbon sources,
including gaseous hydrocarbons (C,H,, C,H4, and CgHg), as well as solid carbon sources (tetrahedral amorphous
carbon). This highlights that the detailed growth mechanisms observed using STM on Ni(111) surfaces during
C,H, exposure are also important for technologically relevant polycrystalline catalysts and a number of
different carbon sources, in spite of the added complexities of multiple surface orientations and differences in
the carbon supply. Our detailed interpretation of XPS signatures allows us to bridge the so-called pressure and

materials gap,*’ i.e. allows us to generalize our findings to realistic, scalable graphene growth processes as well

as being relevant to CVD of carbon nanotubes (CNT) and other nanocarbons.

Growth at 500-600°C

Figure 5 shows representative STM images of graphene growth on clean Ni(111) above 500°C. Ni,C formation
during the first growth stages is progressively reduced, although not completely suppressed, as the exposure
temperature is increased above 500°C, and a different dominant graphene growth route sets in, as revealed by
the STM images, whereby graphene grows directly on Ni(111) via Ni replacement mechanisms. After
nucleation, graphene islands grow embedded into the Ni surface, preferentially elongated in a close-packed
Ni(111) direction (see dark stripe in Fig. 5a, and detailed STM height analysis in Supporting Information). The
final complete monolayer includes not only epitaxial regions, but also moiré domains, as shown in Fig 5b. The
moiré domains are due to a rotation of the graphene layer with respect to the underlying Ni(111) surface (see
Supporting Information). The balance between epitaxial and rotated domains in the final MLG surface shows a
strong dependence on the growth temperature: at higher temperatures, rotated domains are increasingly
present in STM images, and, at the same time, arches of extra spots appear in the LEED pattern, centered at

~20°, as shown by the arrows in Figure 3. Growth of rotated MLG directly on Ni(111) is consistent with a
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previous LEED/LEEM study,”® albeit therein a critical growth temperature of 650°C was assumed. Indeed, DFT
studies predict only a small energy difference between stable epitaxial graphene configurations and less
interacting configurations with a lack of preferred C-Ni registry.®® We therefore attribute the increasing
coverage of rotated graphene for increasing temperature to kinetic effects. We have not captured here the
very first nucleation stages, but the sequence of STM images in Fig. 5d (STM movie S3, available in Supporting
Information) illustrates how embedded graphene regions grow. Elongated MLG islands expand on the same
terrace, one towards the other, at ~1 A/s, progressively reducing the width of the bare Ni surface in between,
until only a line of point defects remains. This growth mechanism can be rationalized as schematically outlined
in Figure 5e: when a first graphene nucleus is present, additional C atoms segregate to the surface at its
borders, facilitating the ejection of Ni atoms, and attach to the graphene island edges, thus replacing surface Ni
atoms. In this way, the anchoring points are shifted and the MLG island expands. A similar growth by the
removal of metal atoms at graphene edges has also been observed on Rh(111)** and Ru(0001),***° albeit as a
more minor growth mechanism. The dominant growth mechanism for these surfaces is typically carbon
attachment to the edges of graphene islands atop the metal. This difference in dominant growth mechanism
may relate to the significantly higher carbon solubility of Ni compared to Rh and Ru,®*"* which may facilitate Ni
atom ejection. It is noteworthy that we have also observed a mechanism here by which MLG islands expand
directly atop Ni(111), i.e. where the graphene is not embedded. However, as outlined below, we find this
mechanism to be dominant only in the case of a carbon contaminated subsurface. A previous LEEM study,™®
suggested that graphene islands grow by C addition to "free" graphene edges upon prolonged exposure of
Ni(111) to ethylene at 550°C, i.e. comparable conditions to our embedded growth on clean Ni in the 500-600°C
range. This apparent disparity may be associated with the huge mass transport involved in the embedded
growth mechanism. This Ni mass transport, which we observe preceding the embedded graphene growth
front, may relate to the surface diffusion processes previously suggested based on LEEM measurements.'®

Indeed, when imaging clean Ni terraces by STM during graphene growth, we sometimes observed a sudden
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change in the morphology, with new Ni layers forming above the previously imaged topmost layer, on which
the growth of embedded graphene then proceeds. Notably, for lower growth temperatures, the present STM

and previous LEEM investigations agree in the identification of a process that involves carbide conversion.

Upon cooling of the MLG covered surface to room temperature, a different STM contrast appears in some
regions (roughly 30-50%) of the rotated graphene (Fig. 5c). This different contrast was previously observed, and
attributed, based on detailed analysis, to the presence of Ni,C islands underneath the rotated MLG." Our in
situ data here clearly shows that this structure results from the precipitation of carbon upon cooling. This
agrees well with our ex situ XPS data (Figure 3d), acquired on the same MLG covered surface as imaged with
STM, which confirms the presence of both rotated graphene and carbide after cooling to RT. Detailed XPS data
analysis shows that the major contribution to the Cls spectrum comes from the Cs;, component (surface
coverage: ~87%), assigned to rotated domains, with a small percentage of epitaxial graphene Cg (surface
coverage: ~13%), and negligible Cp;s (<1%). Given that our STM results reveal that the carbide is formed upon
cooling only below rotated graphene, XPS data analysis (see Supporting Information) suggests ~37% of the
rotated graphene has carbide underneath, in agreement with our STM measurements. The observed lower
binding energy of the rotated graphene overlayer (Cg,) is almost the same as for weakly interacting graphene

2% This suggests that the bonding with the substrate is characterized by a lower charge transfer from

layers.
the Ni(111) than in the case of an epitaxial overlayer, due to the lack of a direct Ni-top-C interaction, which is
responsible for most of the charge transfer in MLG.* This consistently resolves ambiguity in previous post-

growth data interpretation® and agrees well with reported bilayer graphene formation under rotated MLG

upon cooling from 650°C.*

Carbon-contaminated subsurface: growth at 400-600°C
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The mechanisms established above all refer to conventional CVD parameters such as temperature and
pressure, which can be carefully controlled. Figures 6 and 7, however, show that the dominant graphene
growth mechanism critically depends also on the near-surface carbon concentration which is much more
difficult to control as it is intimately linked to the full history of the catalyst and all possible sources of
contamination. We previously highlighted how minor, routinely present levels of carbon contamination can
significantly influence CNT growth kinetics.”’ Here we show that the graphene growth scenario can change
completely if the Ni(111) substrate does not undergo a complete cleaning procedure and some residual carbon
contamination is present in the subsurface, a case which we refer to as “carbon-contaminated subsurface”. For
this case, even though the Ni surface appears clean at RT in XPS and LEED, with only some small carbide islands
present in STM images, as soon as the temperature is increased to the growth temperature, prior to exposure,
we observe the formation of graphene seeds at the Ni surface, both at Ni steps (Fig. 6a), and as small islands on
top of metal terraces (Fig. 6b). Once at the growth temperature, in UHV conditions, the seeds expand even
without gas exposure, fed by C atoms from the subsurface reservoir, leading to a complete, mainly epitaxial
MLG coverage over the whole temperature range investigated (Fig. 6¢), without any intermediate carbide
phase. This picture is confirmed by all our XPS (Fig. 7), STM and LEED (not shown) experiments. The expansion
of the graphene seeds thereby occurs on top of the Ni substrate, by C atom addition to graphene edges, as
shown by the selected frames in Fig. 6d (see corresponding Supplementary Movie S4) and schematically
outlined in Fig. 6e. Such graphene growth in UHV without hydrocarbon exposure is clear evidence of the
capability of subsurface C to diffuse to the surface and form graphene. This further corroborates the growth
models on clean Ni described in the previous sections. Our investigations of seeded graphene growth are
ongoing and the related details are beyond the scope of this paper. We find it important here, however, to
highlight the significance of developing a strategy to control all growth parameters, in particular the substrate

contamination, as it has so far been widely neglected across the literature. We highlight that consideration of
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the influence of such minor carbon contamination is also highly relevant when comparing UHV data to more

realistic CVD conditions used in industrial reactors.

CONCLUSIONS

We have directly revealed and characterized a number of competing atomistic mechanisms of graphene
formation on Ni for technologically relevant low temperature CVD via complementary STM and XPS, both
performed in situ under in operando conditions and supported by systematic ex situ CVD calibrations. Figure 8
schematically summarizes the dominant growth routes with respect to the CVD conditions and the initial level
of subsurface carbon. For clean Ni(111), below 500°C the formation of an intermediate, structural surface
carbide (Ni,C) is favored, which converts into epitaxial graphene. Above 500°C, graphene predominantly grows
directly on Ni(111) via replacement mechanisms leading to embedded epitaxial and/or rotated graphene
domains. Surface carbide formation is thereby not the source of graphene grain rotation, rather rotated
graphene domains nucleate directly on Ni(111) at sufficiently high temperatures and their increased relative
abundance (compared to epitaxial domains) with increasing temperature is kinetically determined. We show
that the dominant graphene growth mechanism critically depends not only on conventional CVD parameters
but also on the near-surface carbon concentration which is much more difficult to control, as it is intimately
linked to the full history of the catalyst and all possible sources of contamination. Given a carbon-contaminated
surface prior to hydrocarbon exposure, for instance, epitaxial MLG growth directly on Ni via the expansion of
such seeds by C addition at their edges above the substrate predominates across the whole temperature range

probed.

Importantly, in all the explored conditions, graphene grows isothermally up to a complete monolayer. Upon

cooling further changes can occur. In particular, on Ni(111) we observed the formation of Ni,C regions
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underneath rotated graphene domains and on bare Ni(111), but not underneath epitaxial graphene. Given that
not only Ni,C but also an additional graphene layer would grow only at the interface between the Ni and the

existing graphene layer, i.e. in contact with the Ni, as also observed for CNT growth,**

this suggests that the
strong interaction of epitaxial MLG on Ni(111) significantly increases the energy barrier for further graphene

layer nucleation.

Further to the data reported here, our previous high-pressure XPS measurements of growth on
polycrystalline Ni (550 nm films and 25um foils),>*! performed across a broad range of hydrocarbon pressures,
allow us to generalize our findings. In particular, we have observed a general trend for a reduction in the C,
peak intensity with increasing growth temperature, and a related shift in the Cz to Cg, ratio towards the latter.
This is consistent with the shift in the balance of growth mechanisms from graphene growth by transformation

of an intermediate surface carbide towards the direct growth of rotated graphene (Fig. 8).

As known from literature and our prior work, for higher CVD exposure pressures self-limitation to monolayer
graphene coverage can not necessarily be assumed, and particularly for Ni it is very challenging at high

1.57?' Given the possibility of much higher carbon

pressures to achieve graphene uniformity and layer contro
supersaturations at the Ni surface, we suggest based on our data here (Fig. 8) that higher precursor exposure
pressures favor the nucleation of rotated graphene domains, lowering the nucleation barriers for multi-layer
graphene by decoupling the graphene from the Ni surface. Indeed, recent post-growth STM data indicates a
prevalence of multilayer graphene consisting of rotated domains during atmospheric pressure CVD on
polycrystalline Ni.*® A less strongly interacting graphene layer, such as rotated MLG, may also facilitate

graphene growth across the grain boundaries of polycrystalline catalysts, as previously shown for

polycrystalline Ru.”’

We believe that the understanding of the atomic scale growth mechanisms established here is highly

relevant for the controlled graphene growth over a broad range of conditions and, in particular with regards to
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the question of how quality/structure relates to the underlying growth modes, is of general relevance to all

related catalytically grown carbon nanostructures.

METHODS

We performed in situ STM under in operando conditions to monitor the structural evolution of the (111)
surface of a Ni single crystal (~1mm thick) during exposure to C,H, (10”7 mbar pressure range) at 400-600°C. We
combine this with both ex situ and in situ XPS and UPS experiments in a conventional UHV chamber, and with
in situ, time-resolved XPS measurements with synchrotron radiation on Ni(111) during C,H, (10 mbar pressure
range) exposures. Before exposure, the Ni(111) surface was carefully cleaned, as confirmed by a clear
hexagonal LEED pattern and by the absence of any C structure in room temperature (RT) STM images, and the
absence of any C peak in XPS spectra. In all experiments, the sample temperature was measured with a K-type

thermocouple spot-welded on the Ni single crystal.

STM experiments have been performed in a UHV (base pressure: ~10"°mbar) chamber equipped with
standard preparation/characterization facilities (sputter gun, heating stage, gas line, LEED) and a commercial
Omicron VT-STM, modified to yield atomic resolution measurements at high temperature up to 600°C and in
reactive environment, with a frame-rate of 1-2 images/min. The Ni(111) sample was cleaned by repeated
cycles of Ar’ sputtering (15 min, 2 KeV) and flash annealing (600°C) in UHV. The cleaning cycles were stopped
when the sample did not show any C structure at RT, such as Ni,C islands at the step edges, suggesting a very
low carbon contamination in the single crystal. Growth studies were performed by backfilling the chamber with
C,H,4 (2x10”7 mbar — to be locally corrected for an estimated screening factor of 5 in the area shadowed by the

tip*®) while acquiring a series of consecutive STM images at frame rate of ~2 images/min.
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The UHV (base pressure: ~10"°mbar) in situ and ex situ photoemission spectra acquired on Ni(111) were
measured at RT in normal emission geometry, using a hemispherical electron energy analyzer, and a
conventional Mg Ka X-ray source (hv: 1253.6eV) and a He lamp (hv: 40.8eV). The overall energy resolution for
the XPS and UPS spectra were, respectively ~0.8 eV and ~0.2 eV.. The overall energy resolution for the XPS
spectra was ~0.8 eV. The XPS binding energies scale was calibrated by setting the Ni 2p;/,, peak of the clean

Ni(111) at 852.6 eV.

In situ, time-resolved high-resolution XPS experiments were performed at the ISISS beamline of the Fritz
Haber Institute located at the BESSY Il synchrotron facility in Berlin. The high-pressure setup consists mainly of
a reaction cell (base pressure ~10"mbar) attached to a set of differentially pumped electrostatic lenses and a
differential-pumped analyzer (Phoibos 150, SPECS GmbH), as described elsewhere.*® Samples were pretreated
by oxidation (p(0,)=1x10" mbar, 30s) and reduction (p(H,)=1x10* mbar, 3min) at ~600°C to leave a clean Ni
surface with no detectable C species in the Cls spectra, prior to hydrocarbon exposures. All spectra are
collected in normal emission geometry at photon energies of 425 eV (surface sensitive: A, = 7 A, where A, is the
inelastic mean free path of the photoelectrons at ~425 eV kinetic energy in solids), with a spot size of 80 um x

150 um. Time signatures are relative to when the C,H, valve is opened and spectral acquisition begins.

All C 1s spectra were analyzed by performing a non-linear mean square fit of the data, using four Doniach-
Sunji¢ components superimposed on a Shirley background. The asymmetries and Lorentzian linewidths were
extracted from the high-resolution spectra, by fixing the asymmetries of the Cps component to zero, while
leaving as free parameters in the fit procedure those of C,, Cs, and Cg. The resulting asymmetries of the Cg, and
Cgz components were the same, 0.144, while the C, asymmetry, determined from the deconvolution of the pure
carbide phase, was 0.089. The intrinsic Lorentzian linewidth G was ~0.24 eV, compatible with literature results
in carbon-based materials. The low-resolution spectra were analyzed using the so-obtained asymmetries and

Lorentzian width values.
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Figure Captions:

Figure 1. STM images acquired at 420°C at different growth stages upon C,H, exposure of clean Ni(111): (a)
Clean Ni(111) step edge; (b) Nickel carbide (Ni,C) domains on Ni(111). Inset: atomic resolution image of the
area in the dotted square. The almost square 5x5 A% unit cell is marked in green; (c) Domain boundary between
Ni,C (left) and graphene (right), during conversion; (d) Defected graphene on Ni(111). Inset: Atomically
resolved image of graphene. The inequivalent C atoms of a graphene ring are marked in blue and green. The
orientation of the crystallographic directions of our sample were identified in atomic resolution images of the
clean Ni(111) surface acquired at RT (not shown), and were kept constant in all experiments since the crystal
has never been removed nor rotated on the sample holder. Scanning parameters: (a) V,=-2 V, 1;:=0.5 nA; (b) V,=-
10 mV, Ii=1 nA; (c) Vp=-100 mV, 1:=0.1 nA; (d) V,=-50 mV, 1;=0.7 nA (insets: Vy,=-10 mV, I;:=1 nA (b); V,=-300 mV,

[=0.5 nA (d)).

Figure 2. STM images and schematic models of Nickel carbide to graphene conversion: (a-b) In-plane
conversion (see corresponding Supplementary Movie S1). In the STM images, the region on the left is covered
by Ni,C, the region on the right by graphene. The red dot marks the position of a fixed defect on the surface. Ni
atoms are ejected when additional C atoms reach the surface from the bulk to extend the graphene region. (c-

d) Two-layer conversion (see corresponding Supplementary Movie S2). In the STM images, while the graphene

(1) (2)

region labeled Gr'™’ grows from Ni,C via in-plane conversion, the graphene island labeled Gr'’ grows on the
same carbide domain by a two-layer conversion mechanism. Here additional C atoms reach the
graphene/carbide interface, the Ni layer deconstructs to (1x1), and the graphene island expands. In the lower
left corner of the first STM image in sequence, Ni,C stripes are highlighted by a different image contrast. In

both (a) and (c): T=420°C, p(C,H,4)=2x10"mbar. Time between displayed frames: ~120s (a) and ~90s (c).
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Scanning parameters: (a) Vp=-100 mV, 1;:=0.1 nA, (c) V,=-250 mV, 1;=0.5 nA. In the schematic models grey/light-

blue/green/purple balls represent Ni/dissolved C/carbidic C/graphenic C atoms.

Figure 3. C 1s XPS spectra (left), and corresponding negative of the LEED patterns (right) of (a) clean Ni(111), (b)
carbide, (c) epitaxial graphene, (d) rotated graphene phases. The photoemission spectra are acquired at RT in
normal emission geometry using a conventional Mg K, X-ray source at an overall energy resolution of ~0.8eV.
Superimposed to the C 1s experimental data (dots) are the fitting results (light grey) together with the Shirley
background (dotted line) and the four Doniach-Sunji¢ C, (green), Cg (purple), Cq, (blue) and Cy; (light-blue)
components (see text for further details). All LEED are acquired at RT (E,: ~70eV). The arrows in the carbide
LEED image indicate the position of two (1x1) spots, while the arrows in the rotated graphene LEED image

indicate the extra spots of the moiré pattern.

Figure 4. Time-resolved in situ high resolution XPS C1s core level spectra during low pressure CVD on a “clean
subsurface” Ni(111) single crystal [base pressure ~10”7 mbar, T=400°C, p(C,H,)=6x10" mbar]. Time=0 is relative
to when the C,H, valve is opened and spectral acquisition begins, however exposure pressure is not
instantaneously reached. All spectra are collected in normal emission geometry at photon energies of 435 eV
(surface sensitive; Aescape = 7 A) with a spectral resolution of ~0.3 eV. Superimposed to the C 1s experimental
data (dots) are the fitting results (light grey) together with the Shirley background (dotted line) and the four
Doniach-Sunji¢ Ca (green), Cg (purple), Cq, (blue) and Cy; (light-blue) components (see text for further details).
The inset shows the percentage of the different carbon species (C, (green triangles), Cz (purple dots), Cg; (blue

squares) and Cpy; (light-blue diamonds), as determined by the area under the corresponding peaks.
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Figure 5. STM images and schematic models of graphene growth on clean Ni(111) above 500°C. All images
acquired at 520°C unless specified. (a) Embedded graphene island (dark stripe) in the middle of a clean Ni(111)
terrace. (b) Final MLG layer after growth, showing regions of rotated (right) and of epitaxial (top-left) graphene
[V,=-600 mV, I;=1 nA]. Inset: atomic resolution image highlighting the moiré pattern on rotated graphene [V,=-
10 mV, Ii=1 nA]. (c) STM image at RT showing a graphene covered region grown at 520°C after cooling at room
temperature: Ni,C islands form below rotated graphene regions [V,=-200 mV, |;=2 nA]. Inset: zoom of the
boundary between rotated graphene (right) and graphene on Ni,C (left) [V,=-100 mV, ;=2 nA]. (d-e) Growth
mechanism (see corresponding Supplementary Movie S3). Graphene islands embedded into the Ni substrate
expand by segregation of additional C atoms and ejection of additional Ni atoms. The red dot marks the
position of a fixed defect on the surface. In the schematic models grey/light-blue/green/blue balls represent
Ni/dissolved C/carbidic C/graphenic C atoms. [p(C2H4)=2><10'7mbar, consecutive images with acquisition time

~30s/frame. Scanning parameters: V,=-2 V, 1;:=0.5 nA]

Figure 6. Graphene growth on Ni in case of C-contaminated subsurface. STM images during annealing at 520°C
(a-c). Graphene seeds are already present as soon as the temperature is reached, both at step edge (a) [V,=-
600 mV, 1:=0.5 nA] and on a terrace (b) [V,=-300 mV, 1:=0.8 nA]J; (c) the complete epitaxial MLG after ~1 hour
[Vy=-400 mV, 1;=0.7 nA]. (d) STM images of a graphene seed growth on a Ni terrace at 410°C without
hydrocarbon exposure (pbg=2-10'1° mbar, see corresponding Supplementary Movie S4). The expansion occurs
by C attachment to the edges. Time between displayed frames: ~10 min. Scanning parameters: V,=-600 mV,
1:=0.4 nA. (e) Schematic model of the growth mechanism imaged in (d), grey/light-blue/purple balls represent

Ni/dissolved C/graphenic C atoms.
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Figure 7. Time-resolved in situ low resolution XPS C1s core level spectra during annealing at 500°C the “carbon
contaminated subsurface” Ni(111) single crystal [pressure during annealing ~10™° mbar, p(C,H,)= 0 mbar].

Time=0 is relative to when the spectral acquisition begins. All spectra are collected in normal emission

©CoO~NOUTA,WNPE

geometry at photon energies of 1253.6 eV (surface sensitive; Aescape = 15 A) with a spectral resolution of ~0.8
13 eV. Superimposed to the C 1s experimental data (dots) are the fitting results (light grey) together with the

15 Shirley background (dotted line) and the four Doniach-Suniji¢ C, (green), Cg (purple), Cs: (blue) and Cp; (light-
17 blue) components (see text for further details). The inset shows the percentage of the different carbon species
20 [Ca (green triangles), Cg (purple dots), Cg, (blue squares) and Cp;s (light-blue diamonds)], as determined by the

22 area under the corresponding peaks.

28 Figure 8. Schematic overview of the different graphene growth routes on Ni(111).
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