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raphene, with its exemplary electro-
G nic and mechanical properties, has
thoroughly infiltrated the worlds of
chemistry, materials science, and physics.'
Initially investigated for its electronic prop-
erties, graphene and its derivatives (and
composites) are now widely studied for uses
beyond solid-state physics.>* To date, me-
chanical exfoliation and epitaxial growth
have been the predominant sources of gra-
phene for proof-of-concept devices. While
mechanically exfoliated graphene has ex-
cellent electronic properties, it is not scal-
able. Silicon carbide (SiC) has been widely
used to grow monolayer and few-layer gra-
phene of very high quality with the advan-
tage that the graphene resides on a wide
band gap semiconductor.*® While gra-
phene on SiC is advantageous for many
electronic applications, a major drawback
is the inability to remove graphene from the
SiC substrate. Graphene grown by chemical
vapor deposition (CVD) on transition metals
represents an alternative method of produc-
ing high-quality graphene with the advan-
tage that the graphene can be removed by
chemical etching of the underlying metal
substrate.®” CVD-grown epitaxial graphene
has been investigated on numerous transi-
tion metals® (e.g., Ru, Pt, I, Rh, Co, Ni, and Cu)
and alloys (e.g., Au—Ni,° Cu—Ni,'®"" Ni—
Mo'?), but applied research has largely fo-
cused on utilizing Ni and Cu substrates.
While rapid advances in controlling the
CVD growth process have been made, gra-
phene formed by this method is polycrystal-
line. Characterization of polycrystalline
graphene using transmission electron micro-
scopy (TEM) has revealed graphene grain
boundaries and determined statistical dis-
tributions of grain rotation and size.”>'* Yu
et al. were able to appreciably increase the
size of single-crystalline graphene islands—
thereby reducing the density of grain
boundaries—on Cu by lithographically
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Graphene has a close lattice match to the Ni(111) surface, resulting in a preference for 1 x 1

configurations. We have investigated graphene grown by chemical vapor deposition (CVD) on

the nickel carbide (Ni,C) reconstruction of Ni(111) with scanning tunneling microscopy (STM).

The presence of excess carbon, in the form of Ni,C, prevents graphene from adopting the

preferred 1 x 1 configuration and leads to grain rotation. STM measurements show that

residual Ni,C domains are present under rotated graphene. Nickel vacancy islands are observed

at the periphery of rotated grains and indicate Ni,C dissolution after graphene growth. Density

functional theory (DFT) calculations predict a very weak (van der Waals type) interaction of

graphene with the underlying Ni,C, which should facilitate a phase separation of the carbide

into metal-supported graphene. These results demonstrate that surface phases such as Ni,C

can play a major role in the quality of epitaxial graphene.
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creating graphene seeds, but grain orienta-
tion could not be controlled.” The difficulty
in controlling grain orientation on Cu can be
attributed to the lack of a preferred epitaxial
relationship, in clear contrast to Ni surfaces.'®

Epitaxial graphene on Ni(111) represents
a straightforward model system to investi-
gate surface structures introduced during
the CVD growth process. Graphene on Ni-
(111) adsorbs in one of several 1 x 1 struc-
tures due to a small lattice mismatch of 1.3%
with the substrate, and each graphene sub-
lattice (A and B) is situated on a different
adsorption site (i.e., top, fcc, hcp, bridge).
The energetic difference between these struc-
tures is small, and they have recently been
shown to coexist."” In addition to these 1 x 1
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structures, several local moiré structures have been
observed on Ni(111)."*"2!" While the coexistence of
different 1 x 1 configurations is not unexpected, it is
unclear why moiré structures should be observed.
Given the overwhelming preference for 1 x 1 config-
urations, it should be possible to identify the sources of
grain rotation in graphene on Ni(111).

We have used scanning tunneling microscopy (STM)
and density functional theory (DFT) calculations to
investigate defect structures formed during the CVD
growth of graphene on Ni(111). Local regions with
excess carbon in the form of the surface-confined
nickel carbide (Ni,C) prevent graphene from adopting
its preferred 1 x 1 epitaxial relationship on Ni(111).
Graphene has no epitaxial relationship with the car-
bide reconstruction, resulting in a range of grain rota-
tions—from 6.6 to 23.8°.

RESULTS

When Ni(111) is exposed to hydrocarbons above
300 °C, the surface reconstructs into a monolayer surface
carbide with stoichiometry Ni,C (Figure 1a, model from
DFT).22~2* Figure 1b shows a large-scale image of the
carbon-induced reconstruction on Ni(111). A range of
domain sizes and orientations are observed with the
surface possessing greater than 90% Ni,C coverage. In
images larger than ~20 x 20 nm?, the dominant
features indicating the presence of nickel carbide are
parallel lines with a spacing of 1.65 nm and an apparent
height modulation of 20 pm (Figure 1b, yellow lines).

Atomic carbon strongly chemisorbs on Ni(111), pen-
etrating the topmost layer and becoming nearly
coplanar with nickel. As the carbon forces itself into
the top nickel layer, the nickel—nickel distance is
increased ~3% and the local structure is distorted,
effectively changing the hexagonal symmetry of the
(111) surface into a square mesh similar to the (100)
face (Figure 1a). This reconstruction includes clockwise
and counterclockwise rotations of the square carbon
lattice; hence, this surface carbide is known as the
“clock reconstruction”. The distortion to a square lattice
on a hexagonal surface results in an incommensurate
surface overlayer which can be approximated as a
(+v/39R16.1° x +/37R-34.7°) structure (Figure 1a).?* In
our DFT calculations, this structure has almost the same
surface energy (less than 0.01 eV/A? difference) as the
formerly proposed (+/39R16.1° x  +/39R-16.1°)
structure.?® The notation indicates the carbide unit cell
orientation with respect to the Ni(111) unit cell; speci-
fically, rotations of 16.1 and —34.7° from the [1—10]
direction and with 110.8° between basis vectors.
Figure 1c shows the local structure of Ni,C by STM;
on this surface, carbon isimaged as a depression (black
dots denote carbon). The parallel lines seen in large-
scale images (Figure 1b) are marked with yellow lines.
Figure 1d shows the fast Fourier transform (FFT) of the
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Ni,C domain in Figure 1c. The Fourier spots of the
underlying hexagonal Ni(111) surface are circled in
black in Figure 1d. The carbon lattice and the clock-
work unit cell are very nearly square, as determined by
Klink et al.,** and show periodicities of 3.6 A (Figure 1d,
blue circles) and 5.2 A (Figure 1d, purple circles),
respectively. The stripes observed in large-scale
images (Figure 1b) are also present in the FFT and
indicate a periodicity of 16.5 A. These characteristic
features allow Ni,C to be readily identified, in effect
acting as a fingerprint for the presence of Ni,C.
Figure 1e contains a simulated STM image of the
(v/39R16.1° x +/37R-34.7°) Ni,C reconstruction over-
laid with the top view model. This simulation repro-
duces the experimentally observed square structure in
Figure 1c.

Figure 2a shows graphene grown on the Ni,C-
covered Ni(111) surface presented in Figure 1b. At
the center of Figure 2a, we observe a roughly triangular
area containing a labyrinth of lines that join at 120°,
reflecting the underlying symmetry of the graphene
monolayer and the clean nickel surface. A color-coded
map of Figure 2a is shown in Figure 2b to assist
identification of the distinct regions. The central trian-
gular region (yellow) in Figure 2b contains a moiré
pattern and is bound by 1 x 1 graphene and graphene
on Ni,C (Figure 2b, red and blue, respectively). The
interface between the 1 x 1 graphene (red) and moiré-
patterned graphene (yellow) is a tilt grain boundary.
The graphene grain is continuous (no grain boundary)
across the interface between moiré-patterned gra-
phene (yellow) and graphene on Ni,C (blue), and the
difference between these regions is the presence of a
Ni,C domain underneath a portion of the graphene
sheet; this will be shown more fully in what follows.

Figure 2c shows a high-resolution image of the
boundary between the moiré-patterned graphene
and graphene on Ni,C, as indicated by the black box
in Figure 2a. The upper half of Figure 2c contains a
moiré pattern indicating rotation of the graphene
sheet away from the expected 1 x 1 binding sites.
Taking the FFT of the upper half of Figure 2¢, we
observe primary hexagonal spots corresponding to
the 2.49 A periodicity of graphene (Figure 2e, green
circles) on the Ni substrate (Figure 2e, black circles).
Inside the primary graphene spots, a series of satellite
spots (Figure 2e, yellow circles) correspond to the 9.5 A
periodicity of the moiré unit cell. A rotation of 14.6° is
determined by comparison with 1 x 1 graphene. The
lower half of Figure 2c contains a more complex
structure with no obvious moiré cell (see detail in
Figure 2d). Taking the FFT of Figure 2d reveals the
same primary spots attributable to graphene (Figure 2f,
green circles), but the satellite features are markedly
different. The chief difference is a set of square features
indicating periodicities of 3.6 A (Figure 2f, blue circles)
and 52 A (Figure 2f, purple circles)—proof that
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Figure 1. (a) Top view model of the (\/39R'| 6.1° x \/37R-34.7°) Ni,C reconstruction (C, dark gray; surface Ni, red; bulk Ni, light
gray) from DFT; white lines indicate the carbide unit cell. (b) Large-scale STM image of the Ni(111) surface covered with the
Ni,C reconstruction. The parallel stripes (marked in yellow) are indicative of Ni,C. (c) High-resolution STM image of the Ni,C
surface. Black dots denote the position of individual carbon atoms. The yellow lines indicate the stripes observed in panel b.
(d) FFT from the Ni,C domain in panel c. Black circles correspond to the Ni(111) substrate; purple and blue circles highlight the
nonhexagonal Ni,C reconstruction; yellow circles indicate the stripes in panel b. (e) Simulated STM of Ni,C overlaid with the

model (C, dark gray; Ni, red).

graphene is adsorbed on Ni,C and not Ni(111). We
have observed graphene with rotations of 6.6,9.8,12.2,
14.6, 16.6, 19.1, 21.8, and 23.8° on or adjacent to Ni,C
patches. The appearance of rotated graphene on
Ni,C also depends on the orientation of the Ni,C
domain. Several examples are presented in the Sup-
porting Information along with a simulated STM image
(Figures S1—S4).

Figure 3a shows a rotated graphene grain em-
bedded in a 1 x 1 graphene sheet. Depressions and
bubbles are found throughout the rotated grain and at
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the grain boundary where 1 x 1 graphene meets the
rotated graphene; a Ni,C domain covered by graphene
is circled in black. Figure 3b shows a tilt grain boundary
and 1 x 1 grain boundary from the area outlined with a
white box in Figure 3a. Aside from the grain boundaries
and the rotated graphene, Figure 3b contains two
hexagonal pits next to the tilt grain boundary; the
graphene sheet is continuous over these features and
does not expose the underlying Ni(111) surface.
Figure 3c,d contains the FFTs from the 1 x 1 and
rotated region in Figure 3b, respectively. In each FFT,

VOL.6 = NO.4 = 3564-3572 = 2012 W)

WWww.acsnhano.org

J1D]Le

3566



Figure 2. (a) Morphology of graphene grown on the surface in Figure 1b (illuminated from the left). Three distinct regions are
found in this image and are marked in panel b for clarity. (b) Red indicates 1 x 1 epitaxial graphene on Ni(111); yellow
represents graphene rotated away from 1 x 1 epitaxy; blue marks graphene residing on Ni,C. (c) Zoom in on the boundary,
marked with a black box in panel a. (d) Graphene adsorbed on the Ni,C reconstruction (blue in panel b). (e) FFT of the upper
half of panel c; green circles indicate the graphene lattice, black circles indicate the Ni(111) substrate, and yellow circles
indicate the moiré unit cell. (f) FFT from the lower half of panel c; green circles indicate the graphene lattice, while purple and
blue are nonhexagonal elements. The nonhexagonal features are the same as observed in Figure 1c.

the graphene lattice is indicated with green circles and
Ni(111) with black circles. The rotated region has a
moiré unit cell with a periodicity of 6 A, which corre-
sponds to a rotation of 23.8° (larger than found in
Figure 2c). Figure 3e shows two line profiles taken over
the hexagonal features in Figure 3b. The red line profile
shows an initial decrease in the apparent height of
1.5 A, followed by a further dip to 2.5 A below the
graphene surface. The blue line profile shows a differ-
ent behavior by initially bulging away from the surface,
then dropping sharply by 2 A. As the interplane
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distance on Ni(111) is 2 A, these line profiles indicate
that nickel has been removed from under the gra-
phene sheet. For the red line profile, two nickel layers
have been removed or partially removed because the
step is greater than 2 A. The blue line profile indicates
removal of one nickel layer.

We have used DFT calculations to gain additional
insight on the stability of Ni,C. Figure 4 gives an
overview of the calculated free surface energies of
Ni(111), the surface carbide Ni,C/Ni(111), graphene/
Ni(111), and graphene/Ni,C/Ni(111) using LDA. At the
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Figure 3. (a) Rotated graphene grain surrounded by 1 x 1 graphene. Inside the central region, a small domain of Ni,C is
circled in black. Bubbles, hexagonal depressions, and ripples are found in the central region. (b) Two types of grain
boundaries are present in this image, a high angle tilt boundary between the rotated grain and the 1 x 1 graphene and a grain
boundary between two 1 x 1 graphene domains (top right). Two hexagonal features are present at the tilt grain boundary.
(c) FFT of the 1 x 1 graphene, excluding the hexagonal areas at the grain boundaries; green and black circles mark the graphene
features and Ni(111), respectively. (d) FFT of the rotated grain; the green circles mark the rotated graphene, black circles mark
the Ni(111) substrate, and yellow circles show the moiré unit of the rotated region. (e) Line profiles taken from panel b over the
hexagonal features show the removal of nickel below the graphene sheet.
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Figure 4. Free surface energies (LDA) of Ni(111), graphene/
Ni(111), Ni,C/Ni(111), and graphene/Ni,C/Ni(111). The ver-
tical lines indicate the specific value of the carbon chemical
potential for graphite, graphene, and dissolved carbon; the
chemical potential scale is referenced to a single carbon
atom. The thermodynamically stable surface termination is
given by the lowest energy line (entropy effects are
neglected).

chemical potential of graphite (1 = —9.00 eV), the LDA
calculations predict a small decrease in the surface
energy of 0.014 eV/A? after the formation of Ni,Cand a
further decrease upon the formation of a graphene
layer on Ni(111). The choice of graphite as a reference
for the chemical potential determines the respective
thermodynamic stability after the dosing of hydro-
carbons, while the relevant chemical potential of
carbon can be significantly higher under growth

JACOBSON ET AL.

conditions.?®~?” However, LDA predicts a binding en-
ergy that is too strong for graphene/Ni(111).% For this
reason, we have also used the van der Waals density
functional (vdw-DF), which was recently shown to
reproduce more computationally expensive random
phase approximation (RPA) calculations for the gra-
phene/Ni(111) system.?® The vdW-DF calculations pre-
dict a decreased stability (i.e., higher surface energy) for
the Ni,C, making the surface carbide thermodynami-
cally only metastable (see Supporting Information,
Figure S5, light blue line). Nevertheless, at the chemical
potential of graphite, both functionals predict a similar
energy gain for the formation a graphene layer on
Ni(111) from the Ni,C surface carbide, as the surface
energy is reduced by ~20 meV/A? for both functionals.

DISCUSSION

We have observed the coexistence of rotated gra-
phene grains, interfacial nickel carbide, and nickel
vacancy islands. To unravel the relationships between
these features, we must examine the basic steps in the
nickel carbide and graphene formation processes.

When clean nickel is exposed to hydrocarbons (e.g.,
toluene) at 650 °C, the hydrocarbon is decomposed,
allowing atomic carbon to dissolve into the nickel bulk.
The incorporation of carbon into nickel at an optimized
volume results in an increase of the total energy by
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0.44 eV (LDA) and 0.71 eV (vdW-DF) per C atom (values
at T=0K; with respect to phase separation into pure Ni
and graphite). When sufficient carbon enters the
bulk, the carbon—nickel solid solution reaches super-
saturation and graphene nucleation can begin. Experi-
mental evidence for this carbon—nickel solid solution
comes from a diverse range of experimental techni-
ques. Li et al. exposed Ni to alternating pressures of
isotopically labeled methane during CVD growth and
observed a mixture of Raman modes from each isotope
using Raman microscopy.>® This result implies diffusion
of carbon into nickel followed by isotopic scrambling
before graphene formation. X-ray photoelectron spec-
troscopy (XPS) has been used to watch the graphene
formation process and identify the carbon chemical
state during growth. By monitoring the Cis level,
Grineis et al. determined that graphene formation
occurs at high temperature on a Ni(111) thin film and
that Ni,C is not directly transformed into graphene.*® A
low binding energy C1s feature was observed and
attributed to hydrocarbon fragments but, in light of
our results, may correspond to Ni,C. A more recent
study by Weatherup et al. looked at graphene forma-
tion on polycrystalline nickel and nickel—gold alloys.’
Weatherup et al. performed an XPS depth profile by
varying the incident photon energy, allowing identifi-
cation of the carbon chemical state at the nickel sur-
face and bulk. This XPS depth profile proved crucial in
identifying carbidic carbon near the surface and an
interstitial/dissolved carbon in the subsurface. Appre-
ciable amounts of carbidic carbon were only observed
at the start of graphene growth on pure nickel, and this
species disappeared before graphene nucleation. Ad-
ditional X-ray diffraction measurements rule out the
formation of the metastable bulk nickel carbide, NisC,
during growth.

Graphene grown on a surface containing Ni,C has
not been deliberately investigated before, but due to
the relevance of Ni,C in the methanation reaction,
much is known about Ni,C surfaces. An early Auger
electron spectroscopy (AES) study by Gardin et al.
followed the carbon KVV Auger line with increasing
temperature and measured the decomposition of the
interfacial nickel carbide and subsequent diffusion of
carbon into the nickel bulk.?® Later studies with XPS
observed carbidic carbon at temperatures up to
697 °C3' The common theme in these studies is decom-
position of Ni,C and the subsequent diffusion of
carbon into nickel at elevated temperatures. The cru-
cial point is that Ni,C can survive on nickel surfaces at
elevated temperatures similar to that used for gra-
phene growth in our experiments. Therefore, we be-
lieve that Ni,C found on the cold sample was present
when the graphene growth began.

Further evidence for the presence of Ni,C at growth
temperatures is found in the vacancy islands shown
in Figure 3. The formation of these features can be
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understood by first considering the structure of Ni,C.
When hydrocarbons are exposed to the clean Ni(111)
surface, or when the bulk has a sufficient reservoir of
carbon, the surface reconstructs into the clock recon-
struction shown in Figure 1. This reconstruction alters
the Ni(111) surface layer into a quasi-square symmetry
reminiscent of the Ni(100) surface with a c(2 x 2)
structure of adsorbed carbon. To transform the (111)
surface into a (100)-like surface requires a reduction of
the surface nickel density by 12%. The driving force
behind this transformation is surface stress induced by
the adsorption and incorporation of carbon.?? Because
the formation of Ni,C occurs at elevated temperatures
and the diffusion barrier for Ni adatoms on Ni(111) is
small (0.22 eV3?), excess nickel can diffuse to step
edges. When a carbide domain starts to dissolve at
high temperature—Dby diffusion of C into the Ni bulk or
through consumption of the C in the graphene
growth—there is a local deficit of Ni compared to the
initial clean Ni(111) terrace. Dissolution of Ni,C after
graphene formation will therefore result in vacancy
islands, as observed in Figure 3. Mass transport
was experimentally observed in a TEM by Helveg
et al. during carbon nanofiber growth on a Ni
nanoparticle.>® The aspect ratio (length/width) of the
Ni nanoparticle catalyzing the growth increased
throughout the growth process, indicating substantial
mass transport. DFT calculations performed in the
aforementioned study indicate moderate diffusion
barriers for Ni and C under the graphene sheet. A
similar set of in situ TEM experiments coupled with
XPS and X-ray diffraction by Rinaldi et al.>* recently
determined that dissolved carbon drives the formation
of disordered carbon nanofibers. In our study, we
observe vacancy islands and residual Ni,C below ro-
tated graphene grains, indicating that a local Ni,C
domain was present at the time of graphene growth
but the carbon in Ni,C has diffused (presumably) into
the bulk.

On the basis of observations similar to those shown
in Figure 2, Lahiri et al.*® proposed a new graphene
growth model assuming the in-plane transformation of
Ni,C into graphene at low temperatures (<460 °C).
Their model is based on the similar rotation of the
graphene moiré pattern with that of Ni,C. We have
observed very similar features in our work (see Figure 2),
but using FFT analysis, we prove that graphene is
adsorbed on Ni,C. In both halves of Figure 2¢c, we
observe the same orientation of the graphene sheet;
the upper half shows only hexagonal symmetry ele-
ments, while the lower half shows hexagonal and
square symmetry elements. Looking at the ripples in
Figure 2c, we see that the graphene lattice merges
onto the Ni,C domain whereupon the graphene lattice
is modulated in a nonperiodic manner. We also note
that at the temperatures utilized for graphene growth
in this study Ni,C remains on the Ni(111) surface.’’
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In addition, XPS studies by Weatherup et al. indicate
that carbide is not directly converted to graphene.®
Consequently, we suggest that Lahiri et al. did not
observe the direct transformation of Ni,C into gra-
phene. Rather, we propose they observed graphene on
Ni,C. The Supporting Information (Figure S8) con-
tains a detailed analysis showing how we reached this
conclusion.

The DFT (LDA) calculations show that with an ad-
sorption energy of 0.022 eV/C atom (vdW-DF: 0.068 eV/C)
the adhesion of graphene on Ni,C is weak and
driven by the van der Waals interaction. For compar-
ison, the interaction of graphene with Ni(111)—usually
seen as a “strong” interaction due to the hybridization
of the graphene s states—results in an adsorption
energy of 0.101 eV/C (vdw-DF: 0.062 eV/C).'® Therefore,
standard DFT (LDA) predicts that the adhesion of
graphene on the Ni,C is significantly weaker compared
to the bare Ni(111) surface, and the energy gain can
drive the dissolution of the carbide under the gra-
phene. Although the vdW-DF calculations (with the
optB88 functional) predict a similar binding energy of
graphene on the Ni,C and the bare Ni surface (almost
the same as in bulk graphite), the adsorption energies
show a strong dependency on the choice of the vdW-
DF functional,®® hindering a quantitative comparison.
Nevertheless, the average (LDA) distance of 3.16 A
(vdW-DF: 3.23 A) between the graphene and Ni,C is
significantly larger than the 2.21 A distance for gra-
phene on Ni(111), indicating only van der Waals bond-
ing of graphene on Ni,C. Graphene that nucleates on
Ni,C has no epitaxial match to the underlying Ni(111)
substrate, and the weak interaction with the Ni,C
enables a wide range of grain rotations. Rotation
angles of 16.1 and 25° would result from alignment
of the graphene lattice with the sides of the Ni,C
superstructure cell. We also note that there is a rough
matching between the carbon lattice of Ni,C (4.86 A)
and the defect scattering (v/3 x +/3)R30° electronic
superstructure®® in graphene (4.2 A), aligning these
structures produces a 13° rotation.

Evaluation of the free surface energy for the gra-
phene/Ni,C/Ni(111) system at the chemical potential
of graphite yields a value of 0.152 eV/A? (vdW-DF) and

EXPERIMENTAL AND THEORETICAL METHODS

The Ni(111) sample was cleaned by standard sputter/anneal
cycles (60 min, 3 uA on sample, 2 keV, argon; 10 min at 600 °C).
Graphene was grown by backfilling the chamber with toluene
(C;Hg, 1—3 x 107° mbar) while holding the Ni(111) crystal at
650 °C for 10 min. After growth, the chamber pressure recov-
ered to the 107° mbar range within 3 min, and the sample
reached ~80 °Cin 15 min. We have also performed experiments
where a hot sample (~400 °C) was transferred to a sample
carousel after CVD growth for faster cooling to room tempera-
ture; no morphological changes were observed after this pro-
cedure. After repeated CVD cycles (~10 growths), the surface
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0.143 eV/A? (LDA), which is about 14 meV/A? higher
than graphene/Ni(111). On the other hand, under
carbon-rich conditions (e.g., during the growth of the
carbide), the phase diagram indicates a high stability of
the graphene-covered surface carbide. Therefore,
while the calculations predict the formation of a gra-
phene-covered surface carbide in carbon-rich condi-
tions, the surface carbide is transformed to graphene/
Ni(111) due to the higher stability of the graphene
sheet on the bare Ni(111) surface at a lower chemical
potential. This is consistent with the experimental
observation of the lower stability of the graphene-
covered surface carbide.

As a final note, we would like to mention that the
graphene/Ni,C formation process on our bulk Ni(111)
single crystal may differ for epitaxial Ni(111) thin films,
such as Ni(111)/W(110). Our bulk single crystals can
support a larger reservoir of dissolved bulk carbon
compared to thin film systems, and this may account
for the observation of graphene/Ni,C structures on
bulk single crystals but not in thin films.

CONCLUSIONS

In conclusion, we have observed rotated graphene
grains on the Ni(111) surface by STM. These rotated
grains are unexpected given the widely reported 1 x 1
epitaxial match between Ni(111) and graphene. We
have identified the surface-confined Ni,C phase as a
source of grain rotation in epitaxial graphene on Ni-
(111). NiC is only found below rotated graphene
grains, and nickel vacancy islands are found within
and at the periphery of rotated grains—a clear indica-
tor of carbide dissolution. DFT calculations predict that
the graphene/Ni,C/Ni(111) phase is stable when the
carbon chemical potential is determined by the dilute
carbon reservoir and predict a transformation to the
graphene/Ni(111) as the dilute carbon reservoir (i.e.,
the Ni bulk) is depleted. Grain rotation is facilitated by
the weak binding energy of graphene on Ni,C, and
calculations indicate that adsorption is dominated by
the van der Waals interaction. With a clear source of
graphene grain rotation identified, mitigation strate-
gies can be developed to reduce influence of grain
boundaries on the properties of CVD-grown graphene.

was found to contain nickel carbide after ~3 cleaning cycles.
The surface carbide could be removed after extended cleaning
(~30 cycles) or by sputtering while repeatedly ramping the
sample temperature. We did not observe multilayer graphene
on our samples, and STM and XPS results (Figure S7) are
consistent with monolayer graphene. Scanning tunneling mi-
croscopy measurements were performed with an Omicron
UHV-STM-1 in the same chamber used for sample preparation
and graphene growth (base pressure 5 x 107" mbar). All STM
measurements were performed in constant current mode with
electrochemically etched W tips. For analysis of the fast Fourier
transforms (FFT) of STM images, care has been taken to remove
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image distortion, assuming that the Ni(111)(1 x 1) lattice remains
undistorted. FFT maps are shown with logarithmic grayscale.
Spin-polarized DFT calculations were performed with the
Vienna Ab initio Simulations Package (VASP)***” using PAW
potentials.3® As standard generalized gradient approximation
(GGA) potentials predict an endothermic adsorption of graphene
on Ni(111) due to the neglect of the van der Waals contributions,®
the calculations were performed on the basis of the vdW-DF?®
using the optB88 exchange correlation functional,®® which offers
a good description of the interaction of graphene and Ni,?® and in
the local density approximation (LDA).”® The energy cutoff em-
ployed for both methods was 400 eV. The Ni lattice constant was
optimized for the respective functional, 3.43 A for LDA calcula-
tions and 3.51 A for optB88 (which is close to the experimental
lattice constant of 3.52 A). The system was modeled with a
(V39R16.1° x ~/37R-34.7°) slab consisting of three supportive
layers of Ni and a vacuum distance more than 10 A. The geometry
of the two bottom Ni layers was fixed. The graphene sheet was
adsorbed on the Ni,C surface in the orientation of the Ni(111)
substrate leading to a slight deformation of the graphene sheet,
which introduces an error of less than 0.008 (vdW-DF: 0.007) eV/C
atom.A 2 x 2 x 1 k-point mesh was employed for the integration
of the Brillouin zone. The formation energies of the diluted carbon
were evaluated from a bulk cell of 32 Ni atoms both at a fixed
volume (LDA: 0.52 eV, vdW-DF: 0.78 eV) and at an optimized
volume (LDA: 0.44 eV, vdW-DF: 0.71 eV per C atom). All LDA
structures were relaxed to forces lower than 0.02 eV/A. The same
geometries rescaled with the optB88 Ni bulk lattice constants
were used for the vdw-DF calculations. We calculated the surface
free energy y in the ab initio thermodynamics framework as

V(uc) = (Erot — NNWN] - NC(MC + ECatom))/A — Equs(Ni(111))

where E,, gives the total energy of the calculations, the chemical
potential uy; was set to the binding energy of bulk Ni, and the
energy Ecaom Of a single C atom was used as a reference value for
carbon. The area of the surface unit cell is A, and the surface
energy of a bare Ni(111) surface has been subtracted due to the
bare Ni(111) surface at the back side of the slab geometry used in
the calculations.
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