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Graphene on nickel is a prototypical example of an interface between graphene and a strongly interacting
metal, as well as a special case of a lattice matched system. The chemical interaction between graphene and
nickel is due to hybridization of the metal d-electrons with the m-orbitals of graphene. This interaction
causes a smaller separation between the nickel surface and graphene (0.21 nm) than the typical van der
Waals gap-distance between graphitic layers (0.33 nm). Furthermore, the physical properties of graphene
are significantly altered. Main differences are the opening of a band gap in the electronic structure and a
shifting of the m-band by ~2 eV below the Fermi-level. Experimental evidence suggests that the
ferromagnetic nickel induces a magnetic moment in the carbon. Substrate induced geometric and
electronic changes alter the phonon dispersion. As a consequence, monolayer graphene on nickel does
not exhibit a Raman spectrum. In addition to reviewing these fundamental physical properties of
graphene on Ni(111), we also discuss the formation and thermal stability of graphene and a surface-

confined nickel-carbide. The fundamental growth mechanisms of graphene by chemical vapor
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Accepted 15th January 2014 deposition are also described. Different growth modes depending on the sample temperature have been

identified in ultra high vacuum surface science studies. Finally, we give a brief summary for the synthesis
DOI: 10.1039/c3nr05279¢ of more complex graphene and graphitic structures using nickel as catalyst and point out some potential

www.rsc.org/nanoscale applications for graphene—nickel interfaces.

dissolve a larger quantity of carbon in the bulk can also
precipitate more appreciable amounts of carbon to the surface
upon cooling from high growth temperatures and consequently
these materials, including nickel, tend to form graphitic layers
(multilayers of graphene). However, the thermodynamically

1. Introduction: comparison of
graphene interfaces with different
transition metals
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The interfaces between graphene and late transition metals have
been thoroughly studied in recent years."” The interest in metal-
graphene interfaces mainly stems from the possibility for
synthesizing large area graphene films on metals by chemical
vapor deposition (CVD).*® In these cases the metal acts as a
catalyst for complete dehydrogenation of hydrocarbon precur-
sors that leaves carbon behind at the surface. Noble metals like
Au and Ag may not exhibit high enough catalytic activities to
dehydrogenate these precursors, however, even on gold CVD
growth of graphene was demonstrated under appropriate
conditions.” Other approaches for graphene synthesis on less
reactive metals that do not require activation of a precursor, such
as physical vapor deposition of carbon,'®'* have also been used.

Depending on the metal and temperature during growth
carbon will diffuse into the bulk. The amount of carbon in the
bulk depends on the carbon solubility of the metal and this
property is important to determine whether graphene grows at
the surface of the metal at high growth temperatures, as it is the
case for copper, or carbon dissolves into the bulk at high growth
temperatures, as it is the case for nickel.” Materials that
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driven precipitation can be controlled kinetically to some
extent. For example rapid cooling™ or low temperature and low
hydrocarbon exposures* have been employed successfully to
control carbon diffusion to the surface and thus help mono- or
few- layer graphene formation, even on materials with large
carbon solubility. Table 1 gives a comparison of the carbon
solubility in different transition metals. The high carbon

Table 1 Carbon solubilities (atom%) in different transition metals at
1000 °C according to ref. 17

Carbon solubility

Metal (atom%) at 1000 °C
Co 3.41
Ni 2.03
Cu 0.04
Ru 1.56
Rh 0.89
Pd 5.98
Ag 0.01
Re 4.39
Ir 1.35
Pt 1.76
Au 0.01
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solubility in nickel implies that the conditions for monolayer
growth need to be low precursor pressures and lower tempera-
tures. In the case of nickel the formation of graphene at low
temperatures is complicated by the presence of another carbon
containing surface phase. It has been known for a long time
that carbon forms a surface-carbide, ie. a single atomic
monolayer ordered Ni,C phase, on the Ni(111) surface.*>*® The
presence of additional carbon containing surface phases on Ni
makes the formation of graphene slightly more complex than
on most other transition metals and we will discuss the inter-
play between these carbon containing surface phases in more
detail below.

The interfaces between graphene and various metals differ
in two main aspects: (i) lattice mismatch, and (ii) metal-gra-
phene interaction. In terms of lattice mismatch the Ni(111)
surface is the closest matched interface with respect to gra-
phene of all transition metals. The close lattice match enables
the formation of a 1 x 1 structure of graphene on Ni(111) under
most vacuum growth conditions, while on all the other metals a
periodic lattice matching condition results in a moiré super-
structure. For metals with fairly strong interaction the low index
direction of graphene are usually aligned with those of the
metal substrate after CVD growth." This is e.g. the case for
graphene on Ru, Rh, Re. A metal that interacts weaker with
graphene but may still form an aligned surface structure under
correct growth conditions is Ir(111)° and under some growth
conditions also on Au(111)"* and Cu(111).** However, for most
growth conditions, graphene on Cu and on other weakly inter-
acting metals, such as Pt, exhibits different rotational domains
with respect to the metal substrates.”

One measure of the interaction strength between graphene
and metals is the graphene-metal separation. For strongly
interacting metals this separation may depend on the position
within the moiré pattern. Only in locations where the graphene
has the appropriate position with respect to the substrate the
bonding can be optimized and the separation is minimized. For
most metal surfaces the adsorption configuration is with one
carbon atom located at a metal atop site and the other carbon
atom in a three-fold hollow site of a hexagonal metal substrate
layer. In Fig. 1 the different low symmetry adsorption

(a)hollow site (b)atop site/ (C)atop site/
'fcc’ site 'hep’ site

(d)bridge site

() 1s*metal layer(surface)
© 2nd metal layer
& 3rd metal layer(for fcc metals)

Fig. 1 The four different basic adsorption configurations of a honey-
comb lattice on a lattice matched hexagonal densely packed metal
surface.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Nanoscale

Table 2 Graphene—-metal separation and corresponding d-band
center of the metals

d-band center relative
to Fermi-level according®

Graphene-metal
separation [nm]

Co (0001)  0.21 (ref. 24) -1.17
Ni (111) 0.21 (ref. 25) ~1.29
Cu (111) 0.33 (ref. 26 and 27) —2.67
Ru (0001)  0.21 (ref. 28) —1.41
Rh (111) 0.22 (ref. 29) -1.73
Pd (111) 0.25 (ref. 30) ~1.83
Ag (111) 0.33 (ref. 26 and 27) —4.30
Re (0001)  0.21 (ref. 31) —0.51
Ir (111) 0.34 (ref. 32 and 33) —2.11
Pt (111) 0.33 (ref. 7, 27,30 and 32)  —2.25
Au (111) 0.33 (ref. 26, 27 and 32) —3.56

configuration of a hexagonal graphene lattice with respect to a
lattice matched metal are illustrated. In Table 2 the measured
and/or computed graphene-metal separation are listed, where
for graphene layers on metals that exhibit moiré patterns the
closest separation is used. It is apparent that essentially only
two separations are observed. For strongly interacting metals
the graphene-metal separation is around 0.21 nm, while weakly
interacting metals exhibit a separation of 0.33 nm, which is
close to the distance of the van der Waals gap in graphite. The
transition from strongly to weakly interacting transition metals
can be correlated to the d-band center binding energy below the
Fermi-level of the transition metals. As shown in Fig. 2, when we
plot the substrate-graphene separation against the d-band
center the transition from weakly to strongly interacting metals
occurs at a d-band binding energy of ~2 eV. As we will describe
below the interaction of the metal d-band with graphene results
in a significant modification of the electronic structure of gra-
phene. This will be discussed below for graphene-Ni(111). In
contrast, the weakly interacting metals essentially only phys-
isorb by van der Waals forces with the substrate and this leaves
the electronic structure of graphene almost unaltered compared

Ag Au Pt Cu
Weakly interacting metals
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Fig. 2 Illustration of the correlation of graphene—metal separation
with the energy of the d-band center of the transition metal. A tran-

sition from ‘weak’ to ‘strong’ interaction occurs at a d-band center
position ~2 eV below the Fermi-level.
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Fig. 3 Binding energy shift of C-1s core level on different weakly interacting metals and its correlation to charge transfer due to differences in
work function of the metal and graphene. The schematic energy diagram shows the relationship between charge doping induced Fermi-level

shift and measured C-1s core level in XPS. Adapted from ref. 22.

to that of free-standing graphene. Due to work function differ-
ences between the metal and graphene an interface charge
transfer is observed, even for weakly interacting graphene. This
causes doping of the graphene by the metal contact.>® This
doping effect can cause a shift of the Fermi-level of up to
+0.3 eV relative to the graphene Dirac point. These shifts of the
Fermi-level have been directly measured in angle resolved
photoemission electron spectroscopy (ARPES) as ~0.3 eV for
Pt’, ~0.1 eV for Ir,*® and ~ —0.3 eV for Cu,** where positive
values correspond to a shift of the Fermi-level below the Dirac
point. This interface charge transfer induced Fermi-level shift
for weakly interacting metals can also explain the C-1s core level
shift observed in X-ray photoemission spectroscopy (XPS).?* In
XPS the core-level is referenced to the Fermi-level and subse-
quently a shift of the Fermi-level will result in a concurrent core-
level shift. Fig. 3 shows data of observed core level shifts as a
function of metal work function. These core-level shifts are
compared to computed Fermi-level shifts due to interface
charge transfer between the metal and graphene. Obviously, the
use of core-levels to determine the charge doping in graphene is
only applicable to metals that interact by weak van der Waals
interactions with graphene. For strongly interacting metals, like
nickel, the C-1s binding energy of graphene is, however, not
related to charge doping.

This review of the graphene-Ni interface is organized as
follows: In the next chapter we discuss the physical properties of
graphene on Ni, followed by a chapter on the thermal stability of
carbon containing phases on Ni(111). In chapter 4 we discuss
fundamental growth modes of graphene on Ni. We conclude
this review in chapter 5 by giving examples of the use of Ni for
the synthesis of complex graphene-based materials as well as
potential uses of graphene-Ni interfaces.

2. Physical properties of graphene on
nickel
2.1. Structure

Graphene on Ni(111). Monolayer graphene can be easily
grown in ultra high vacuum (UHV) using hydrocarbon precur-
sors, typically ethylene or propylene, with low pressures in the
10~° to 10~ °® Torr range. Different Ni(111) substrates have been
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used, varying from bulk single crystals>?*3* epitaxial Ni(111)
layers on W(110)****** to thin Ni-films on oxide substrates, such
as Al,05(0001),">* MgO(111),** and YSZ (111).** The varying
thickness of the these Ni-films and thus the amount of carbon
that can be dissolved in them, as well as differing time to
saturate these films with carbon at a given hydrocarbon pres-
sures, may all influence the graphene growth. Those growth
modes are discussed in chapter 4. Most reports of CVD-grown
graphene under UHV indicate formation of a monolayer that is
lattice matched with the Ni(111) surface. For a lattice-matched
system different symmetry adsorption configuration are
possible as illustrated in Fig. 1. The preferred arrangement of
the graphene layer has been identified by LEED I-V** and ion
scattering® studies as the structure with one carbon atom, of
the two-carbon atoms in the primitive unit cell of graphene,
located at the atop site and the second carbon atom located in
the ‘fcc’ three-fold hollow site. The difference in the adsorption
site of the two carbon atoms induces a buckling in the graphene
lattice with the atop carbon displaced away from the surface
and the atom in the three-fold hollow site closer to the Ni
surface. Fig. 4 shows the interface structure determined from
low energy electron diffraction (LEED) I-V measurements. A
separation between Ni and graphene of 0.211 nm and a buck-
ling of 0.005 nm has been deduced. These measurements are in
good agreement with more recent density functional theory
(DFT) analysis, which also suggest that the ‘fcc’ configuration is
the most stable (strongest adsorbed) structure. The calculated
work of adhesion for the ‘fce’ structure is 0.81 ] m ™2, compared
to 0.77 J m > and 0.38 ] m > for ‘hep’ and ‘hollow’ adsorption
configurations (see Fig. 1 for definition of adsorption struc-
tures), respectively.”® The computed graphene-Ni(111) separa-
tion of 0.217 nm is very close to the experimental value, the
buckling of the carbon atoms is somewhat smaller in DFT and a
value of 0.003 nm is reported.** Although DFT suggests that the
adsorption energy of graphene in the ‘fcc’ configuration is
smaller than in the ‘hcp’ configuration the differences may be
small enough so that both configurations may occur. Other
reports also suggest that the ‘bridge adsorption’ structure is
energetically accessible** and thus three different adsorption
structures may be observed on Ni(111). As a consequence
of graphene adsorbing in three possible adsorption configura-
tions domain boundaries may form between these three

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Adsorption structure of graphene on Ni(111). (a) low symmetry
adsorption structures. (b) Best fit structure for graphene on Ni(111)
determined by LEED I(v). Reproduced from ref. 25.
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configurations. The lattice matching conditions between two
graphene domains whose unit-cells are translated such that one
domain is in the ‘fcc’ structure and the other domain is in the
‘hep’ structure may result in the formation of a reconstructed
domain boundary as shown in Fig. 5(a). Such domain bound-
aries have been observed in scanning tunneling microscopy
(STM)*(as shown in Fig. 5(b)), clearly demonstrating the exis-
tence of graphene adsorbed with carbon in an ‘fec’ site, as well
as ‘hcp’ sites.

Under most imaging conditions in STM only one sublattice
of the graphene is imaged for graphene on Ni(111). This means
instead of imaging a honeycomb structure a triangular lattice is
observed. This symmetry breaking is due to the two different
adsorption sites of the carbon-atoms on the Ni(111) substrate,
i.e. atop and hollow site. From the STM images of the domain
boundary between an ‘fcc’ and ‘hep’ domain, shown in Fig. 5, it
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is apparent that the carbon atoms located above the hollow sites
are imaged brighter and the carbon atoms on the atop site are
less bright.*** This is opposite to the expected geometric
buckling of the graphene-atoms.

For graphene grown under UHV conditions the dominant
structure is monolayer graphene forming a lattice matched
structure with Ni(111). However, the growth temperatures and
potentially the substrate history (in particular carbon content in
the substrate) may affect the growth. As discussed in chapter 4,
under certain growth conditions, graphene sheets that are
rotated with respect to the Ni(111) substrate are observed.
Particularly at higher growth temperatures, and possibly related
to a higher carbon concentration in the substrate, formation of
graphene rotated relative to the Ni(111) substrate become more
frequent. From LEED measurements it is apparent that a range
of different rotation angles are possible, but a preferential
rotation of ~17° + 7° is observed. As expected, STM images of
such rotated graphene show moiré structures, as for example
shown in Fig. 6. In STM a corrugation of the moiré pattern with
a peak-to-peak height of 0.2 A is observed. This corrugation is
smaller than that for graphene supported on other strongly
interacting metal substrates (e.g. Ru, Re, or Rh) where

0 2 4 6 8 10 12
X(nm)
Fig. 6 STM image of rotated (twisted) graphene on Ni(111). A moiré-

pattern is imaged in (a), note the long length scale. The line profile
indicated by the red-line in (a) is plotted in (b).

T 1/3(a,+ay)

Defect line
a-a

Ni (15t layer)
@ Ni (2 layer)

Fig. 5 Domain boundary in graphene translated by a fractional unit cell vector. This structure is formed on a Ni(111) substrate where graphene
can adsorb with two adsorption geometries as schematically shown in (a). STM image in (b) shows the experimental verification of the existence

of this domain boundary. Reproduced from ref. 47.
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corrugations of ~1.1 to 1.6 A are reported." However, in the
latter cases the low symmetry directions of graphene is aligned
with the metal low symmetry direction and the moiré structure
arises from the lattice mismatch between graphene and the
metal. It may be argued that for rotated (or twisted) graphene no
extended region of the graphene can be in sufficient registry
with the metal substrate to form strong bonds and therefore the
overall geometric corrugation of the graphene may be less than
for a simple lattice mismatched case. Strong variations in the
corrugation of the moiré pattern for graphene aligned
(but lattice mismatched) and rotated with respect to the metal
was also reported for graphene on Ir(111). For Ir(111) a value of
0.3 A was reported for non-rotated graphene, while for graphene
rotated by 30° the corrugation reduced to only 0.04 A.* Further
experiments and/or computation are needed to support the idea
that the bonding between graphene and Ni(111) is strongly
reduced for rotated (twisted) graphene and that this causes the
lower corrugation than that commonly observed on strongly
interacting metals.

For completeness, we also mention that similar STM
measurements of moiré structures as those shown in Fig. 6 for
graphene on nickel have been reported for ambient pressure
CVD grown samples on polycrystalline Ni-films. In these cases
the moiré structures were, however, interpreted as twisted
bi-layer graphene.®®* In another study rotated monolayer gra-
phene on Ni(111) facets was obtained by thermal treatment of
Ni-clusters supported on HOPG.? In this case moiré patterns
were also observed by STM and the moiré structures were
assigned to graphene rotated by 6.4° and 23° relative to the
Ni(111) lattice.

It is interesting to note here that regions of rotated graphene
are preferential regions for nucleation and growth of either
surface nickel carbide® or second layer graphene® at the
interface between the graphene sheet and the nickel substrate
by carbon segregation from the bulk. This is in agreement with
the notion that graphene adsorbed in a 1 x 1 configuration, i.e.
for graphene in a lattice matched registry with the Ni(111)
substrate, is adsorbed much stronger than rotated graphene.
The strongly adsorbed graphene may prevent carbon segrega-
tion to the surface while in regions of the weaker adsorbed
rotated graphene carbon can segregate from the Ni-bulk more
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readily to form a new interface graphene sheet. Second layer
graphene formation is discussed in the context of graphene
synthesis in Section 4 in more detail.

Graphene on open Ni surfaces

Detailed UHV studies on the more open low index surfaces of Ni
are rare. Comparative studies of carbon precipitation on
different low index faces of carbon-saturated Ni-crystals by
electron spectroscopy showed distinct behavior for the (100)
surface® compared to (110) or (111).°® While on the (110) and
(111) nickel surfaces graphene forms at an abrupt temperature,
on Ni(100) the carbon concentration at the surface increases
smoothly as the temperature is lowered.

The only detailed structural studies of graphene monolayer
on Ni single crystals, other than the (111) nickel surface, are on
the (110) surface. On the (110) surface no commensurate
structure between the rectangular surface unit cell of nickel can
form with the hexagonal graphene lattice. LEED studies, shown
in Fig. 7(a), indicate preferred orientation of the graphene. The
graphene [1000] crystallographic direction is preferentially
rotated by 12° with respect to the Ni[110] direction. Two
symmetry orientations are possible. However, as the arc-struc-
ture of the graphene LEED spots indicate, the rotation between
graphene and Ni spans a few degrees. Consequently in STM
imaging different moiré-superstructures may be observed. In
Fig 7(b) an example for a 9.5° rotation angle is shown and a
corresponding simulated image is shown in Fig 7(c).””*®

2.2. Electronic structure

Returning to the well-defined 1 x 1 lattice matched graphene
layer on Ni(111). As the correlation between metal d-band
binding energy and the graphene-metal separation shown in
Fig. 2 suggests, the metal d-band may hybridize with the gra-
phene and thus form a (weakly) chemisorbed system. This is
clearly the case for nickel and detailed angle resolved photo-
emission spectroscopy (ARPES) and (polarization dependent)
near edge X-ray absorption fine structure (NEXAFS) confirm the
interaction between graphene and nickel. A detailed account of
the electronic and magnetic structure of graphene on Ni has

2
X, nm

Fig.7 LEED and STM characterization of graphene grown on Ni(110). The dashed line shows the reciprocal lattice of Ni(110), and the two dotted
lines connect graphene diffraction spots of the two symmetry orientations. The arc structure of the graphene spots indicate a spread of possible
orientations of the graphene lattice with respect to the Ni(110) substrate. An experimental STM image of graphene on Ni(110) is shown in (b). This
may be compared to simulated STM image and ball-model for a 9.5° rotated graphene shown in (c). Reproduced from ref. 57.
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been given previously by Dedkov and Fonin*® and thus we only
briefly discuss the most important details.

From ARPES measurements,®*® it is apparent that the
electronic structure of graphene is strongly modified due to the
interaction with Ni(111) compared to free-standing graphene.
Fig. 8 shows an ARPES spectrum of graphene/Ni(111) and after
gold-intercalation, which removes the Ni-graphene interaction.
At the I'-point the graphene m-band is observed at a binding
energy (relative to the Fermi-energy) of 10.1 eV, which is ~2.4 eV
lower than in graphite (or free-standing graphene). The gra-
phene o-states are also shifted to lower binding energies,
however, by only 1.6 eV. This difference may indicate different
hybridization between the Ni-3d states with the out-of plane
T-orbitals compared to the in-plane c-orbitals. Importantly, the
graphene Dirac-cone, observed at the K-point in free-standing
graphene is not preserved for graphene on nickel.

DFT simulations predicted a number of interface states
between Ni(111) and graphene as a consequence of hybridiza-
tion of Ni-3d with graphene m-states.®®®” The existence of
interface states was probed by polarization dependent NEXAFS
measurements. Depending on the orientation of the electric
field vector of the x-rays one can probe predominantly transi-
tions from C-1s to o*-states (orbitals lying within the graphene
plane) or C-1s to m*-states (orbitals normal to the graphene
plane). This polarization dependence is known as the ‘search-
light’ effect. Fig. 9 shows experimental carbon K-edge NEXAFS
spectra®® for graphite, graphene-Ni(111), and after intercalation
of Al in between graphene and Ni(111) which effectively
decouples graphene from the Ni-substrate and forms quasi-free
standing graphene. For the C-1s to w* transitions, the gra-
phene-Ni(111) absorption spectra exhibits a double-peak
structure compared to a single peak in graphite (or quasi free-
standing graphene). This indicates two unoccupied interface

Graphene / Ni(111)

Graphene / 1ML Au / Ni(111)

(b)
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Fig. 8 ARPES measurement of graphene on Ni(111) (a) and graphene—
Au-Ni(111) (b). For graphene on Ni the 7 band is downshifted by 2 eV.
Intercalation of Au decouples graphene from the Ni substrate and
forms electronically quasi-free standing graphene. Reproduced from
ref. 65.
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states for graphene-Ni(111) as a consequence of the hybrid-
ization. The separation between the transitions to the w* and c*
decreases for graphene-Ni(111) compared to free-standing
graphene. This is in agreement with a calculated shift of the o*
states by ~1 eV to lower binding energies, associated with a
lateral carbon-carbon bond-softening in the adsorbed
graphene.®

2.3. Magnetic properties

The magnetic properties of graphene monolayers on Ni(111)
have been probed by spin polarized photoemission as well as by
circular dichroism. Spin resolved photoemission studies appear
to be controversial. One group is reporting an effective magnetic
moment of carbon,® while another group disputes this claim.”
Circular dichroism measurements in NEXAFS employs circular
polarized light to measure the near edge X-ray absorption
spectrum and thus enables tuning to an element specific
absorption edge. The difference in X-ray absorption intensity
between left- and right-polarized light gives information on the
magnetic moment of this specific element. Carbon K-edge
absorption spectra show a clear difference between the left and
right polarized light for the 1s to w* transition while there is
essentially no contrast in the 1s to ¢* transition.”»”> This
suggests that only the m-orbitals of the graphene are magneti-
cally polarized due to hybridization with the Ni-3d states of the
substrate. Spin-polarized electronic structure calculations for
the graphene-Ni(111) interface confirm the spin polarization of
the graphene-nickel interface states. Fig. 10(a) illustrates the
variations for minority and majority spin electron density at the
interface.®®”

2.4. Phonon dispersion and absence of Raman signal

The phonon dispersion of graphene monolayers grown on
Ni(111) has been measured by angle resolved high resolution
electron energy loss spectroscopy (HREELS).”*” The strong
interaction of graphene with nickel results in pronounced
changes in the phonon spectrum compared to free-standing
graphene or graphite. This has also been probed directly by
comparing HREELS data for graphene-Ni(111) with the spec-
trum after ‘decoupling’ graphene form the nickel substrate by
intercalating weakly interacting metals, such as copper,™
silver,”” or gold.”® These experimental observations were
summarized and discussed with the use of DFT simulations by
Allard and Wirtz.” Fig. 11 shows the comparison between
experimentally measured phonon dispersion and the computed
results. We may distinguish between changes in the phonon
dispersion due to stretching of the carbon bonds, required to
match the Ni(111) lattice, and changes in the phonon spectrum
as a direct consequence of the adsorption of graphene on
Ni(111). The epitaxial lattice match between graphene and Ni,
which results in a 1.5% stretching of the graphene bonds, leaves
the acoustical and out-of-plane optical (ZO) mode almost
unchanged. However, the longitudinal (LO) and transverse
optical (TO) modes are strongly softened, i.e. the phonon
frequency is shifted down by ~100 cm . This softening is
explained by a decrease in the stretching force constant due to
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Fig. 10 (a) Spin-resolved electronic band structure of graphene on
Ni(111) presented along I'-M—K-T direction in the hexagonal Brillouin
zone of graphene. The inset shows the corresponding Brillouin-zone
for graphene. (b) Shows C-atom projected density of states for
majority and minority spin. (a) and (b) are reproduced from ref. 68 and
73, respectively.

the increase in the C-C bond length, while the unchanged
acoustical and out-of-plane optical-mode indicates and
unchanged bond-bending and bond-twisting force constant.
The fact that the softening of the LO and TO mode are merely
due to the change in the C-C bond length is shown computa-
tionally in Fig. 11(a) where the mode softening is reproduced by
stretching the bonds without the presence of a substrate.

In addition to changes of the phonon modes due to the bond
stretching significant changes occur due to chemical
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Fig. 11 Calculated (solid lines for graphene with lattice constant of
graphite) and experimental (dots) phonon spectra for graphene/
graphite (a) and graphene on Ni(111) (b). The red-dotted lines in both
(a) and (b) is the computed phonon spectrum of free-standing gra-
phene stretched by 1.5% to match the lattice constant of nickel. The
experimental data are from ref. 81 (open green circles) ref. 82 (open
blue circles), ref. 74 (filled green circles), and ref. 75 (filled blue circles).
Figure reproduced from ref. 79.

interaction, ie. hybridization of the metal d-band with gra-
phene m-states and charge transfer from the metal to graphene.
Fig. 11(b) shows three major differences in the computed
phonon spectrum of a 1.5% stretched free-standing graphene
and the same structure adsorbed on Ni(111): (i) the ZO-mode is
softened by 160 cm™ ", (ii) the degeneracy of the ZO and ZA
modes at the K-point in the Brillouin zone is lifted and a
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155 cm ! gap is opened, and (iii) the highest optical branches
(LO mode at I') and the (TO mode at K) become flat rather than
displaying a kink (Kohn anomaly). The lifting of the degeneracy
of ZO and ZA at the K-point is explained by the symmetry
breaking of graphene on Ni(111) due to the alternating ‘atop’
and ‘hollow’ adsorption sites of carbon atoms in graphene-
Ni(111). Also the downshift of the ZO branch is the consequence
of the stronger interaction with the substrate. The disappear-
ance of the Kohn anomaly, on the other hand, has its origin in
the change of the electronic structure of nickel-supported gra-
phene compared to freestanding graphene. The slope of the
highest optical branch is a measure of the electron-phonon
coupling between these modes and the m-bands in graphene. As
discussed above, the hybridization of nickel d-electrons with
graphene causes a downshift of the w-bands and opening of a
gap. This annihilates electron-phonon coupling completely.

The electron-phonon coupling is critical for Raman spec-
troscopy. The chemical interaction between graphene and Ni
leads to a large energy difference in the p, orbitals of graphene
and consequently a loss of the resonance conditions for Raman.
Consequently, no Raman signal for graphene on Ni(111) is
observed. Similarly for other strongly interacting metals such as
Ru, no Raman signal is reported. Note that for Ru there is no
lattice match between graphene and the substrate, further
demonstrating that the loss of Raman is not a consequence of
the stretching of the C-C bonds but a consequence of the
electronic structure. This also implies that monolayer graphene
on other nickel facets, or rotated graphene on Ni(111) should
have a strongly suppressed Raman signal, as indeed observed in
many experiments. Because Raman spectroscopy became the
dominant characterization tool for graphene, the absence of a
Raman signal for graphene-nickel may be an important
warning that Raman is not a universal tool for graphene char-
acterization. Despite the fundamental limitation of Raman
there exist reports in the literature that assign a Raman to
monolayer graphene on Ni.** Those reports should be taken
with caution and may either indicate multi-layers or a decou-
pling of the graphene from the Ni due to impurities.

3. Carbon containing surface phases
(carbide and graphene) on Ni and their
thermal stability

In the catalysis and surface science community it has been
known for some time that exposure of nickel surface to hydro-
carbons can result in different carbon containing surface pha-
ses. In particular exposure of Ni(111) crystals to hydrocarbons at
temperatures below 500 °C results in the formation of complex
surface reconstruction. This structure was already identified in
1969 by LEED studies to exhibit a /39R 16.1° x /39R16.1°
periodicity with respect to the Ni(111) lattice, where R and R
represent a rotation of the unit-cell vector of the superstructure
in clock- and counter-clockwise direction, ie. the unit cell is
almost square with the two unit cell vectors enclosing an angle
0f 92.2° (60° + 2 x 16.1°).** The atomic model consists of smaller
quasi-square units of a two-dimensional nickel carbide with a

This journal is © The Royal Society of Chemistry 2014

View Article Online

Nanoscale

Ni,C composition. This quasi-square nickel carbide overlayer
on the hexagonal Ni(111) surface forms a coincidence structure
with the unit cell vector length of /39 times the length of the
surface lattice vector of Ni(111). Later STM studies, mainly
confirmed the earlier LEED interpretation, however, the
formation of a coincidence lattice structure was questioned."®
Fig. 12, shows an STM image and a schematic illustration of this
carbide layer.

Graphene is more carbon-dense compared to the Ni,C phase
and at growth temperatures below 600 °C forms a 1 x 1 struc-
ture with respect to Ni(111), i.e. the graphene is lattice matched
with respect to Ni(111) as discussed above. The surface carbide
and monolayer graphene can be easily distinguished by a variety
of surface sensitive spectroscopy techniques. For instance in
Auger spectroscopy the line shape for carbon, the Cyyy Auger
line, is very distinct for the carbide and the graphene phase as is
shown in Fig. 13. Also C-1s XPS can be used to distinguish
graphene from carbide. For graphene on Ni(111) a C-1s peak
position of 284.7-285.0 eV is observed*®**** while for carbon in
the Ni,C surface phase a peak at 283.6 eV (ref. 46) or 283.2 eV
(ref. 83) are reported. It is also worth mentioning that the gra-
phene C-1s peak is strongly asymmetric and should be fitted
with a Doniach-Sunjic lineshape.

Using these spectroscopic methods, as well as in situ
microscopy such as low energy electron microscopy (LEEM),
allows determination of the phase stability temperatures of
Ni,C and monolayer graphene on Ni(111). Preparing surfaces
with the respective composition in UHV is achieved by exposure
to low pressures (10~® to 10 °® Torr) hydrocarbons. At sample
temperatures of ~450 °C the surface carbide phase is readily
formed while at temperatures of ~600 °C mainly graphene is
obtained (a discussion of the growth mechanisms is presented
in Section 4). The thermal stability of these surface phases on Ni
single crystals can be tested. We emphasize that these studies
were performed on bulk Ni crystals under UHV conditions,

() SxGIeLy

O

“ 3
& E)gi.;et\(t)(::]l;s g<> "clock-reconstruction”
Fig. 12 Schematic model of a Ni,C surface carbide on Ni(111) (a) and
STM image of the surface carbide with unit-cell structure super-
imposed (b). In the modelin (a) the blue lines indicate the Ni(111) lattice
and the black dashed lines show the square building blocks of the
surface nickel carbide. The unit cell vectors of the coincidence lattice
between the carbide and the Ni(111) substrate is indicated by the green
arrows. An atomic model showing the in-plane location of carbon and
nickel atoms in the surface carbide is also shown. Reproduced from
ref. 36.
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Fig. 13 : Auger electron spectra of monolayer carbide and monolayer
graphene on a Ni(111) surface. (a) and (b) show the carbon-KVV Auger
peak for carbide and graphene, respectively. (c) shows the carbon peak
intensity in relation to the Ni-LMM peaks for carbide and graphene.
Reproduced from ref. 35.

which as a consequence have very low carbon concentration in
the nickel. This may be important, since the carbon concen-
tration in the metal may affect the equilibrium between surface
and the bulk and thus the phase stability of surface carbon
phases. In Auger spectroscopy the disappearance of the carbon
signal is observed for the surface carbide phase at ~480 °C and
for the graphene monolayer at ~650 °C. The instability of gra-
phene may also be appreciated from microscopy. Fig. 14(a),
shows a LEEM image of an (incomplete) graphene layer at a
sample temperature of 600 °C. At this temperature the graphene
is stable. Raising the temperature to ~650 °C causes the gra-
phene to disintegrate as the LEEM image of the same sample
shows in Fig. 14(b).

The dependence of the stability of graphene at nickel
surfaces on the carbon concentration in the bulk is apparent
from the higher stability temperature of monolayer graphene
reported by Blakely and co-workers.? In these studies a carbon

Fig. 14 Low energy electron microscopy (LEEM) study of the thermal
stability of graphene—Ni(111). In (a) an incomplete graphene layer is
shown (brighter contrast is due to graphene and the few dark areas are
uncovered Ni substrate). The sample temperature is held at 605 °C and
the graphene remains stable. In (b) the sample temperature is raised to
655 °C. The graphene is being etched and carbon dissolved into the
bulk. It appears that initial ‘attack’ of the graphene preferentially occurs
along Ni-step edges at the surface. Reproduced from ref. 34.
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saturated Ni-crystal was heated to high temperatures in UHV.
Auger spectroscopy was then used to determine the surface
phases as they evolved during cooling. At high temperatures
only dilute carbon atoms were detected at the surface. Mono-
layer graphene was observed by cooling to ~900 °C, ie. at a
significantly higher temperature than what is reported above for
the phase stability temperature for graphene on (close to) pure
Ni. In the Blakely experiment further cooling by another 100 K,
i.e. to ~800 °C resulted in precipitation of carbon from the bulk
to form graphite (multilayer graphene) at the surface.

4. CVD Growth of graphene on Ni

As the above discussion of phase stability temperatures suggest,
the graphene growth mode may sensitively depend on the
growth temperature. In particular, at high growth temperatures
(>900 °C or higher, which are often employed in CVD-reactors or
tube furnace growth), currently no direct evidence that (mono-
layer) graphene can be formed directly on Ni exists. However,
cooling the sample from this high temperature will result in
graphene and subsequently multilayer graphene will form by
segregation and precipitation of carbon as the carbon solubility
in the bulk decreases. In the Blakely experiments® of carbon-
saturated Ni an upper temperature limit of ~900 °C for the
stability of graphene was found under the specific conditions of
their experiments. It is conceivable that further saturation
(the saturation concentration is a function of temperature and
thus the saturation-value depends on the preparation condi-
tion) of the Ni-bulk with carbon may increase the stability
temperature further which may also lead to graphene formation
at even higher temperatures. In any case, it would be chal-
lenging though to avoid carbon precipitation upon cooling for
very high carbon concentrations in the nickel and thus graph-
itization of the surface would be difficult to suppress. In the
temperature range between 650 °C and ~900 °C monolayer
graphene has been demonstrated to be stable at the surface
depending on concentration of carbon in the nickel-bulk. The
lower temperature refers to the graphene stability temperature
on a close-to carbon free nickel substrate. Even at these
temperatures, if graphene is grown at higher hydrocarbon
pressures (none-UHV conditions) it is difficult to suppress
carbon precipitation upon cooling and therefore one expects
multilayer graphene to form, unless special pre-cautions are
taken to limit carbon diffusion to the surface. Nevertheless,
some success has been demonstrated in achieving monolayer
graphene growth even at fairly high growth temperatures and/or
hydrocarbon exposures by limiting the amount of carbon
precipitation by for example controlling Ni-film thickness,
hydrocarbon exposure, and/or cooling rates.'*#*5¢

At temperatures below 650 °C monolayer graphene has been
grown in UHV by many researchers (see chapter 2). Outside of a
UHV chamber, in a more applied CVD setting the growth of
monolayer graphene in registry with Ni(111) has to our knowl-
edge not yet been demonstrated. We believe that the main
challenge is two-fold: (i) it is more difficult to keep the Ni
surface clean at lower temperature, in particular to avoid
oxidation, and (ii) at higher hydrocarbon pressures more
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carbon will dissolve into the bulk and thus multilayer formation
upon cooling is more difficult to avoid. Thus the success for
monolayer growth on Ni in a reactor setting seems to require
achieving similar conditions as those in a UHV system, which
may be possible in an appropriately sealed and pumped tube
furnace. Therefore, the growth mechanisms studied in UHV
may also have some technological relevance in the future. These
UHYV growth mechanisms are discussed, next.

Graphene growth on Ni(111) single crystals in UHV

UHV studies of graphene growth by exposure to ethylene (10 %
to 107® Torr) have been conducted at different sample
temperatures and at least three different growth regimes may be
differentiated.

(i) Below ~500 °C. At this temperature the above described
Ni,C surface phase forms rapidly at the surface. It has been
suggested that this phase suppresses the nucleation of the more
carbon dense graphene.* This may have two reasons: (i) the
nickel carbide reduces the ability of the surface to activate the
hydrocarbon precursor, ie. reduced dehydrogenation of
ethylene, and/or (ii) because the surface Ni,C phase is a low
energy line phase in a Ni-C surface-phase diagram any incor-
poration of additional carbon is associated with a large energy
cost. Thus forming nuclei of graphene, which necessitate a
higher carbon concentration within this carbide phase is
associated with a large kinetic barrier. Nevertheless, probably at
the numerous defects in the surface carbide, graphene even-
tually nucleates and grows. In electron spectroscopy it is
observed that the carbide phase gradually transforms into gra-
phene.**** Also, the in situ high temperature STM studies® and
low energy electron microscopy (LEEM)* confirmed the trans-
formation of the surface carbide into graphene. In these in situ
growth studies the formation of epitaxial graphene, ie. gra-
phene that is in registry with the Ni(111)-substrate was
observed, contrary to the earlier reported notion that this
transformation may result in the rotated graphene.*® The in situ
microscopy studies also showed that the growth front of the
graphene domains is fragmented and this may lead to a rather
defective graphene at these very low growth temperatures. A
detailed investigation of the atomic defect structure in gra-
phene as a function of growth mode by e.g. STM would be useful
to correlate the LEEM studies with atomic defects. Such studies
have not yet been reported.

(i) Between 500 and 650 °C. In this temperature range no
stable surface carbide is formed and graphene grows on
predominantly pure Ni surfaces. In LEEM studies,* shown in
Fig. 15, the presence of a not well-defined carbon containing
phase is observed. The carbon of this phase is, however,
consumed by the advancing graphene front, resulting a carbon-
denuded zone in front of the graphene edge. Such a carbon
gradient away from the growing graphene-edge suggests a
surface diffusion driven growth of graphene by attachment of
surface carbon species to the graphene edge. The growth of
large, tens of micrometer diameter, graphene islands that grow
across step edges is similar to the carpet-growth observed on
other transition metal surfaces, where the graphene-sheet is
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Fig.15 LEEMimages of surface structures at 550 °C (a)-(c) and 600 °C
(d) for different ethylene exposures as indicated in the upper right
corner of each image. Exposure to ethylene at 550 °C results in the
formation of isolated carbide domains (a) for low ethylene exposure.
Graphene growth is accompanied by formation of dark-contrast area
in front of the graphene-edge (b). This zone is interpreted as a carbon
denuded zone. A similar, but much wider zone, is formed at a growth
temperature of 600 °C, evident in (d). A large area (77 um field of view)
is shown in (c) for 550 °C growth temperature. This view enables to
assess the average graphene domain sizes before coalescence.
Reproduced from ref. 34.

adsorbed on top of the metal and carbon-species attach to free-
edges of the graphene. In particular step-edges do not present
any significant obstacle for graphene in this growth mode for
most metals. Only on Ru a higher barrier for step-up growth
than for step-down growth has been reported.® Such a carpet
growth of graphene on Ni(111), has, however, been recently
disputed based on high temperature STM studies.”® In these
studies graphene growth on top of the metal was only observed
for carbon contaminated substrate while for a clean Ni-surface
graphene growth within the top most Ni surface layer has been
observed, i.e. it has been proposed that the embedded graphene
grows by replacement of Ni-atoms with carbon. Thus, according
to these studies the dominant growth mode of graphene on Ni
is different than on any other late transition metal. For
Ru(0001)*”% and Rh* similar in-plane growth has been repor-
ted but only as a minority growth process. In the opinion of the
authors of this review article the question if carpet-growth with
‘free’ graphene edges or graphene embedded in the top most Ni
layer is the dominant growth mode is not unambiguously
answered. Especially the role of carbon in the subsurface region
is difficult to control but may significantly influence the growth
mode.*® Thus carbon concentration as well as other experi-
mental parameters may give rise to seemingly contradicting
results. While there may still be some discrepancies about the
atomistic growth process in this temperature range, there exists
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agreement that graphene forms on nickel without the presence
of a carbide and graphene grows in a surface growth mode
directly at the surface.

Most surface science studies have shown by a variety of
structural probes, such as LEED,* jon scattering,** ARPES®**
and STM,*”*®% that at growth temperatures up to 650 °C the
majority of the graphene is in registry with the Ni(111) surface.
Contrary to this, a single recent study has suggested the
presence of a majority structure of rotated graphene domains
already at a growth temperature of 600 °C.** However,
the studies of the authors of this review find by LEED and
LEEM studies that the formation of majority of rotated gra-
phene only occurs at higher growth temperatures. This is
discussed next.

(iii) Between 650 and 800 °C. In order for graphene to
remain stable on the nickel surface to temperatures higher
than 650 °C and thus to enable growth at these higher
temperatures, the nickel substrate has to have a high carbon
concentration. This was discussed in chapter 3. In UHV this is
best achieved on thin Ni-films, which can be easily saturated
(note that ultrathin Ni-films on W(110) are not stable at these
temperatures and thus Ni(111)-films on oxide supports are
used). On ~300 nm thick Ni-films grown on YSZ(111)
substrates, graphene was grown at temperatures up to ~800 °C
in UHV. At these higher growth temperatures rotated graphene
domains become more prevalent. The formation of rotated
graphene has been systematically studied as a function of
growth temperatures on Ni-films by LEED. Fig. 16(b) shows that

(a) (b)

4
24](¢) -
1 ——1
2.04 - - —o—i
z 16- ----------
O 1 monolayer graphene
o 124
I-I<J 4
0.84
0.44 & (1«1 LEED spots)
1 @ (rotated graphene domains)
0'0 v v v v v \d v
460 6500 660 600 650 700 760 800 860

Graphene Growth Temperature (°C)

Fig. 16 Graphene growth on 300 nm thick Ni(111) film on YSZ(111). At
growth temperatures above 650 °C rotated graphene-domains are
observed in LEED. At the same time the C/Ni ratio measured by Auger
electron spectroscopy indicate that bilayer graphene is present at the
surface upon cooling for samples prepared at above 650 C. This
demonstrates the correlation between rotated graphene and bilayer
formation. Reproduced from ref. 54.
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at growth temperatures above 650 °C the LEED pattern indi-
cates presence of a significant number of rotated graphene
domains. It has also been observed directly in LEEM that upon
cooling of the sample carbon from the bulk preferentially
precipitates underneath of graphene domains that are
rotated.** This results in bilayer formation underneath rotated
graphene, which explains the higher C/Ni ratio in Auger spec-
troscopy shown in Fig. 16(c). Precipitation of carbon under-
neath of rotated graphene has also directly been observed in
high temperature STM studies.? In the latter study a carbide
was formed rather than graphene. This difference may be a
consequence of the amount of carbon dissolved in the sample.
Regardless, these direct in situ measurements of the growth
demonstrate that the rotated graphene is formed first and
subsequently the surface carbide and/or graphene is formed
underneath by carbon segregation from the bulk. Thus an
earlier suggestion that formation of the ordered surface-
carbide facilitates the formation of rotated graphene® is not
supported by these in situ measurements and consequently
there exist no satisfying explanation for the formation of
rotated graphene at higher growth temperatures and/or nickel
films with higher carbon concentration.

To summarize the growth of graphene in UHV: at
temperatures below ~500 °C an ordered surface carbide is
formed first that may transform to graphene if enough
carbon is supplied. Between 500 and 650 °C graphene grows
on pure Ni. To grow graphene directly at the surface at higher
temperatures the carbon content in the substrate needs to be
increased first. Once a high enough carbon concentration is
established graphene may be grown at temperatures as high
as 800-900 °C. However, at higher growth temperatures a
significant fraction of the graphene is rotated with respect to
the Ni(111) lattice. Carbon segregation from the bulk
underneath these rotated graphene domains upon
cooling either results in carbide or second layer graphene
formation.

The observation of rotated graphene at higher growth
temperatures even under UHV conditions seem to suggest
that it is challenging to grow large area single grain graphene
on Ni(111)-films in a high pressure, high temperature CVD
reactor. Nevertheless, it is the opinion of the authors that in
an appropriate reactor (a reactor that allows cleaning/reduc-
tion of the substrate by hydrogen followed by very low
ethylene exposure at ~600 °C) single crystalline graphene
monolayers may also be achievable in a non-traditional UHV
chamber. Alternatively, modifying the growth procedures at
ambient pressures may also enable to obtain mostly mono- or
bilayer graphene by bulk carbon segregation.®** Recently
control of carbon concentration in Ni by post-carburization
hydrogen etching and rapid cooling processes enabled fabri-
cation of uniform graphene on polycrystalline Ni foils.**
However, the improving success of growing large area
graphene flakes on Cu® and the possibility of transferring
graphene from weakly interacting noble metals such as Pt**
without etching it may point into other directions than the
use of nickel for obtaining large area high quality CVD grown
graphene.
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5. Complex graphene—Ni materials
and potential applications of
graphene—Ni interfaces

The above described fundamental properties form the founda-
tion of more applied uses of nickel for the synthesis and
application of graphene. Some of these areas in which the
nickel-graphene interface is important are listed, here. Most of
these applied materials are based on what has been described
above and thus we restrict ourselves to a brief description of the
application. This is not an exhaustive literature review, but
rather gives a flavor of general uses for graphene-Ni compound
materials.

While there are many other transition metals for the
synthesis of graphene by CVD growth, some special materials
properties of Ni may have advantages for synthesis of complex
graphene-based materials. For instance, the high catalytic
activity of Ni allow the growth of graphene or graphene-related
sp® carbon structures at fairly low temperatures on pre-
patterned Ni-films in order to form patterned graphene struc-
tures on substrates,”® or by using porous Ni-scaffolds to form
more complex 3D open network structures.®*® Etching of nickel
with fairly benign chemicals allows removal of the metal and
consequently leaving free-standing carbon structures behind.*®
Furthermore, the high carbon solubility of nickel in combina-
tion of its catalyzing-ability of sp> carbon may help to crystal-
izing graphene at nickel surfaces by diffusion of carbon through
a nickel film.">*** This method appears to work for wide variety
of solid carbon sources such as hydrocarbons,'®* amorphous
carbon,'®'** HOPG,'” Cg,'*® or diamond.'” An improved
control of monolayer graphene formation from solid carbon-
sources was achieved by introduction of a diffusion barrier
between the Ni-film and the carbon source.'® In addition, high
temperature evaporation of the nickel catalyst may be used to
just leave the graphene behind on a dielectric support without
the presence of the metal.’® Finally, graphitization of a self-
assembled monolayer on an oxide support by a top deposited
Ni-film was demonstrated."’

Nickel may also be a good material for making efficient
electric contact to graphene. The strong chemical interaction
between graphene and nickel may improve the contact. More
importantly, though, nickel can easily chemically attack the
graphene. Commonly, if a metal is deposited onto graphene to
make a contact only ‘top-contacts’ are formed where the metal
sits on a perfect graphene sheet. However, it has been shown
that ‘side-contacts’, ie. contacts where metals interact with
graphene edges, can lower the contact resistance.™* If a reactive
metal like Ni is deposited holes in the graphene may form. This
may lead to formation of bonds between graphene-edges and
nickel and consequently formation of in-plane or ‘side-contacts’
to the graphene.'* This has the potential of lowering the contact
resistances without the need of pre-patterning the graphene."

The high reactivity of Ni and its ability to ‘soak’ up excess
carbon can also be utilized to etch graphene either just by pure
nickel or by addition of another etchant that is activated at the
Ni surface, e.g. hydrogen.******
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A single graphene layer on Ni, like on other metals, can
protect the Ni-surface from corrosion.™**** This is a useful
property, especially for a material like Ni that easily oxidizes
when exposed to atmospheric conditions. This property may be
exploited in fabrication of metal/oxide heterolayers, for instance
in the production of efficient magneto-tunnel junctions in spin-
valves.*>''%12° A graphene layer on a Ni-film may protect it from
oxidation during growth of the oxide dielectric and this may
results in a sharper metal/oxide interface.”* It may also be
proposed that subsequent high temperature annealing may be
used to dissolve the graphene in the Ni if desired. A related but
not well studied field is the use of a graphene protective ‘coat-
ings’ on Ni or other transition metals in (electro) chemical
applications for protection of electrodes/catalysts from
corrosion.

Finally, CVD-grown graphene on Ni may just be the initial
material. The nickel substrate may be subsequently modified. It
has been shown that a large number of physical-vapor depos-
ited elements can be intercalated between graphene and Ni at
fairly low temperatures (typically below 400 °C). Depending on
the annealing temperature and the miscibility of the deposited
element with nickel, the deposited materials may form an ad-
layer between graphene and Ni,”>777%'*> or alloy with the
substrate. This allows forming graphene interfaces with many
other pure-metals or alloys*** and compounds (such as nickel
silicide™*).

6. Summary

The fundamental physical properties of the graphene-Ni(111)
interface are quite well understood. Strong chemical interaction
between the Ni and graphene results in a hybridization of the d-
band with the 7t-states of graphene. This causes a ~2.4 eV down
ward shift of the m-states and opening of a gap in graphene.
Hybridization and charge transfer induces a magnetic moment
on the carbon atoms. Stretching of the C-C bond of graphene
on Ni(111), symmetry breaking in the graphene structure, and
strong adsorption of carbon to the substrate causes a change in
the phonon dispersion of graphene supported on Ni(111)
compared to free-standing graphene or graphite. The change in
the electronic structure of graphene due to the adsorption on
nickel suppresses the Kohn anomalies in the phonon disper-
sion and as a consequence no Raman signal is observed for
monolayer graphene on nickel.

The fundamental CVD growth mechanisms of graphene on
Ni(111) was carefully studied by ultrahigh vacuum surface
science techniques. Electron spectroscopy as well as in situ
microscopy (STM and LEEM) enabled detailed understanding
of the growth modes. Depending on the sample temperatures
(and potentially the carbon concentration in the nickel
substrate) different growth modes have been identified. At low
temperatures graphene formation competes with the presence
of a surface carbide phase and graphene forms by a trans-
formation of the carbide. In an intermediate temperature range
from 500-650 °C graphene grows in two-dimensional surface
growth mode. This temperature range can be increased by
increasing the carbon concentration in the bulk. However, in

Nanoscale, 2014, 6, 2548-2562 | 2559


http://dx.doi.org/10.1039/c3nr05279f

Published on 20 January 2014. Downloaded by Pennsylvania State University on 17/05/2016 14:12:12.

Nanoscale

addition to graphene that is lattice matched with the Ni(111)
surface, domains of graphene that are rotated with respect to
Ni(111) appear more frequent at higher temperatures/higher
carbon content in the bulk. Those rotated domains are prefer-
ential regions for subsequent carbon segregation from the bulk,
forming either bi-layer graphene or graphene supported on a
surface nickel carbide. As early studies by Blakely et al
showed,**** carbon saturated Ni-crystals only exhibit graphene
formation upon cooling to below 900 °C. At higher temperatures
carbon remains dissolved in the bulk. This suggests that in
order to grow graphene at such high temperatures the nickel
needs to be saturated by carbon first before graphene can form.
For a high concentration of carbon in the bulk it appears
challenging to suppress precipitation upon cooling and thus
under most sample and cooling conditions this will result in
multilayer formation for nickel samples exposed to hydrocar-
bons at temperatures of 900 °C or higher.

Controlled CVD growth of graphene on nickel under non-
UHV conditions remains a challenge. At the same time, the
success of other transition metals, in particular copper, for the
synthesis of graphene and the possibility of transfer of
graphene from precious metals such as platinum, without
etching the material suggests that nickel may not play an
important role in the synthesis of large scale wafer-sized gra-
phene for electronics applications. On the other hand, nickel
has advantages for low temperature synthesis of graphene
and/or of irregularly shaped porous graphene materials by
using nickel foams and similar Ni-materials as scaffolds. Also
the high carbon solubility and carbon diffusivity that hampers
direct monolayer graphene growth, may be advantageous in
transforming carbon deposits into ordered graphene, by
absorbing and re-segregation of carbon. The strong-interaction
between nickel and graphene make these interfaces also
potentially useful for electrical contacts between graphene
and metals.
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