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-  Low temperature CVD (400-600°C) 

-  Subsurface C segregation 

Graphene/Ni 

CVD	graphene	growth	

Metal catalyst 

Hydrocarbon exposure   C atoms     graphene! 

-   Epitaxial growth on (111) facets 

F. Bianchini et al., J. Phys. Chem. Lett. 2014, 5, 467  
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We highlight that discrimination between top-fcc and top-
hcp depends on our capability to image on top C atoms
appearing as gray features, as predicted by DFT. Joining
adjacent on top C atoms, we can mark the same unit cell for
both structures, thus identifying the position of the second C
atom within it. Notably, the top C atoms, and therefore the
differences between the two configurations, are visible in our
images only for scanning parameters corresponding to a short
tip−sample distance, estimated in ∼2 Å for typical scanning
values of It = 30 nA and Vb = 10 mV.22 At larger distances, only
the usual triangular array or faint stripes are observed, as
expected by analyzing the calculated ILDOS iso-surfaces (see
SI).
Our results demonstrate the possibility of identifying the

actual graphene geometry by its STM contrast, thus allowing
for a statistical analysis of the surface distribution of its different
configurations. By examining about 60 high-resolution images,
we found the top-fcc as the statistically most abundant
configuration (∼65%), in agreement with the results of the
LEED I−V study on epitaxial graphene grown by ethylene
CVD in UHV,9 even though in that case a higher growth T was
used. A smaller contribution is given by top-bridge (∼22%) and
top-hcp (∼13%) configurations. Nicely, the relative order of the
calculated adsorption energies follows that of the observed
coverage: stronger adsorption corresponds to larger coverage.
However, the three configurations are practically equivalent
from DFT predictions, and reasonably also factors other than
thermodynamics, such as growth kinetics from graphene nuclei
with different configurations, influence the observed coverage.
Having demonstrated the existence and stability of different

adsorption geometries for epitaxial graphene on Ni(111), we
investigate their physical connection on the surface. The
transition from domains with different configurations can in
principle occur in-plane following two different routes: a sharp
domain boundary or a distortion of the C network.23 Sharp
domain boundaries lead to topological defects, with the
formation of nonhexagonal carbon rings that largely affect

graphene properties, mainly leading to self-doping24 and
enhancement of the electron scattering across domain
boundaries.25 When a variety of different graphene rotational
domains are present, as typically occurs for CVD growth on
most transition metal surfaces, the domain boundaries are
usually complex 2D structures.24,26 Conversely, on substrates
where graphene can grow epitaxially, with only translational
domains, 1D defects can form. Topological defects of this kind
deserve particular interest also in freestanding graphene for
their exceptional electronic properties.27−31 Indeed, 1D
extended defects have already been observed by Lahiri et al.14

in epitaxial graphene on Ni(111), at sharp boundaries between
top-fcc and top-hcp domains, and can be considered metallic
nanowires.
Figure 3 demonstrates that the connection of top-fcc and

top-hcp domains can actually occur in-plane both via the
formation of 1D defects and via a gradual distortion of the C
network. Indeed, the defect line crossing almost vertically in the
middle the image in Figure 3a is a sharp boundary: on the right
we recognize top-fcc graphene; proceeding toward the left, we
observe sequentially top-hcp in a very thin stripe (approx-
imately two unit cells wide), a region of distorted graphene,
where complete carbon rings are visible, and finally another
top-fcc domain. The sharp boundary appears as an extended
defect with a quite regular structure. The zoom in Figure 3b
shows the boundary at the atomic scale, remarkably similar to
the structure already observed by Lahiri et al.14

We studied the atomic scale structures of the sharp
boundaries by DFT. The model for top-hcp/top-fcc is shown
in Figure 3c. The positions of the carbon atoms have been
obtained by relaxing the structure derived from the
experimental image of Figure 3b. Although in our calculations
the small size of the simulation cell affects the description of the
two different domains causing a small fictitious distortion of the
graphene, the simulated image in Figure 3d shows a remarkable
resemblance with the experimental one, strongly supporting the
validity of the structural model. The few dark features

Figure 2. Different graphene/Ni(111) configurations. Stick-and-ball models: (a) top-view and (b) side-view. Corresponding STM simulated (c) and
experimental (d) STM images. Adsorption energies are indicated in brackets below the name of each configuration. Computational parameters:
ILDOS iso-surface lying ∼1−2 Å above graphene and with an ILDOS value of 7 (top-fcc), 6 (top-hcp), and 2 (top-bridge) 10−5 |e|/a03. Scanning
parameters: top-fcc [V = −0.3 V, I = 2 nA], top-hcp [V = −100 mV, I = 20 nA], and top-bridge [V = −10 mV, I = 25 nA].
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DFT          Exp Most	abundant	(~65%)	

Epitaxial	graphene	on	Ni(111):		
cohexisting	configurations	

	

F. Bianchini et al., J. Phys. Chem. Lett. 2014, 5, 467  
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Top	–	fcc:	Edge	structure	

Ø  Only two kinds of edges (zig-zag and Klein) 
Ø  fcc-hollow site termination 

(V=-10mV, I=20 nA, RT) 

Graphene	

Ni(111)	

L.L. Patera et al., Nano Lett. 2015,15, 56-62 L.L. Patera et al., Nano Lett. 2015,15, 56-62 
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Edge	structure	
470°C   Substrate passivated edges 

z

k 

Ø  High speed STM is needed (250 ms/frame) 
Ø  Single periodicity on both the edges 
Ø  Edges seem to be bent toward the substrate 

(9 mV, 1.3 nA) 

(9 mV, 1.3 nA) 
Edges are anchored to the metal  

(covalent bond) 
L.L. Patera et al., Nano Lett. 2015,15, 56-62 
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Edge	structure	

RT      H-terminated edges 

z1 

rk1 

Ø  Sharp step-edge contrast 
Ø  Single periodicity on z edge 
Ø  Double periodicity on Klein edge 
Ø  H2 is the most abundant gas in the  
     UHV chamber 

(0.2 V, 20 nA) 

(0.2 V, 20 nA) 

Hydrogenation breaks the edge-metal bond 
L.L. Patera et al., Nano Lett. 2015,15, 56-62 
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Edge	growth	at	440°C	

 3.5 x 3.5 nm2, 36.5 Hz 2.5 x 2.5 nm2, 60 Hz 

z k 

Ø  Fast C attachment mechanism 
Ø  Row-by-row growth on both z and k edges 

L.L.	Patera	et	al.,	Science	2018,	359,	1243	
	

STM movies with high spatial and temporal resolution  
image acquisition rates up to 100 frame/s 

with	FAST	module	added	on	commercial	STM		
https://fastmodule.iom.cnr.it/	
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Ø  Bright	features	at	kink	sites	
Ø  Based	on	appearance	and	DFT	calculations	for	static	point	defects	after	

CVD	graphene	growth	on	Ni(111)	:		Ni	adatoms	?		

Ø  Presence	of	Ni	adatoms	correlated	to	growth	events	

Edge	growth	at	440°C	

L.L.	Patera	et	al.,	Science	2018,	359,	1243	
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Molecular	Dynamics	(ReaxFF)	

Ø  At	710	K	diffusing	Ni	adatoms	are	trapped	by	kinks	at	
both	graphene	edges	(trajectories	from	green	to	white)	

k	
ed

ge
	

z	
ed

ge
	

L.L.	Patera	et	al.,	Science	2018,	359,	1243	
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Along	the	k	edge	

Ø  Two	short-lived	bound	states	
Ø  DFT	confirms	presence	of	Ni	adatoms	

L.L.	Patera	et	al.,	Science	2018,	359,	1243	
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Edge	growth	at	440°C	

Ø  Bright	features	at	kink	sites	
Ø  Based	on	appearance	and	DFT	calculations	for	static	point	defects	after	CVD	

graphene	growth	on	Ni(111)	:		Ni	adatoms	?		YES	!	Confirmed	by	MD+DFT		

Ø  Presence	of	Ni	adatoms	correlated	to	growth	events	
L.L.	Patera	et	al.,	Science	2018,	359,	1243	
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Alternative	growth	pathways	

With	Ni	adatom	reduction	of	~35%	of	the	rate	limiting	energy	barriers	of	the	cycling	process	

Ni	adatom	catalyses		the	growth	process!	

Ni	attachment	is	barrierless	!	

L.L.	Patera	et	al.,	Science	2018,	359,	1243	
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Along	the	z	edge	
 

 

10 
 

Fig. S4.  
Short-lived Ni adatom configuration during graphene growth at the z edge. (A) High-
speed STM image (from Movie S1) [V = 20 mV; I = 7 nA], (B) Laplace-filtered image of 
(A) with superimposed ball model, (C) constant height simulated image, and (D) stick-
and-ball model of the calculated geometry. In our best model for the bare kink at the z 
edge (Fig. 1A in the main text), DFT predicts that a Ni adatom can be easily trapped with 
an energy gain of 1.57 eV with respect to a position on the surface far from the edge. 
Since the attachment process is practically barrier-less, this energy corresponds also to 
the barrier for detachment. 
  

Ø  One	bound	state	

Ø  Again	compatible	with	DFT	barriers	for	Ni	detachment	

	

L.L.	Patera	et	al.,	Science	2018,	359,	1243	
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Formation	of	kink	sites	along	the	z	edge	

Ø  Dashes	along	the	stright	edge:	weakly	bound	adatoms	(not	Ni!)		

L.L.	Patera	et	al.,	Science	2018,	359,	1243	



M.	Peressi	

Conclusions	
Graphene	growth	on	Ni(111):	
•  High	spatial	and	temporal	resolution		STM	measurements	of	growing	graphene	islands		
						at	technologically	relevant	T		
•  Ordered	line-by-line	growth	at	graphene	edges	
•  Ni	adatoms	temporarily	trapped	at	kink	sites		
•  Atomic	structure	of	intermediate	short-lived	(ms	scale)	configurations	
•  Complete	reaction	path	from	DFT	calculations	

Ni	adatoms	catalyse	C	incorporation	at	the	edges	

first	real-time	observation	and	complete	characterization	
of	the	catalytic	role	of	single	atoms	during	a	
technologically	relevant	process	

More	details:	
Patera	L.L.,	Bianchini	F.,	Africh	C.,	Dri	C.,	Soldano	G.,	Mariscal	M.M.,		
Peressi	M.,	Comelli	G.,	Science	2018,	359,	1243	
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