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ABSTRACT
The  synthesis  of  high-quality  ultrathin  overlayers  is  critically  dependent  on  the  surface  structure  of  substrates,  especially
involving  the  overlayer–substrate  interaction.  By  using  in  situ  surface  measurements,  we  demonstrate  that  the
overlayer–substrate  interaction  can  be  tuned  by  doping  near-surface  Ar  nanobubbles.  The  interfacial  coupling  strength
significantly decreases with near-surface Ar nanobubbles, accompanying by an “anisotropic to isotropic” growth transformation.
On  the  substrate  containing  near-surface  Ar,  the  growth  front  crosses  entire  surface  atomic  steps  in  both  uphill  and  downhill
directions with no difference, and thus, the morphology of the two-dimensional (2D) overlayer exhibits a round-shape. Especially,
the  round-shaped 2D overlayers  coalesce seamlessly  with  a  growth  acceleration  in  the  approaching direction,  which  is  barely
observed  in  the  synthesis  of  2D  materials.  This  can  be  attributed  to  the  immigration  lifetime  and  diffusion  rate  of  growth
species,  which depends on the overlayer–substrate interaction and the surface catalysis.  Furthermore,  the “ round to hexagon”
morphological  transition  is  achieved  by  etching-regrowth,  revealing  the  inherent  growth  kinetics  under  quasi-freestanding
conditions.  These  findings  provide  a  novel  promising  way  to  modulate  the  growth,  coalescence,  and  etching  dynamics  of  2D
materials on solid surfaces by adjusting the strength of overlayer–substrate interaction, which contributes to optimization of large-
scale production of 2D material crystals.
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1    Introduction
The catalytic growth of two-dimensional (2D) materials on metal
substrates by chemical vapor deposition (CVD) is the most widely
used  method  to  fabricate  continuous  films  and  meets  the
industrial  demand  for  electronic-grade  materials  [1–6].  During
CVD  processes,  the  substrates  serve  as  both  catalysts  for  the
decomposition of precursors and templates for 2D film growth; as
a  result,  their  surfaces  are  crucial  in  the  overlayer  nucleation,
growth, and coalescence. Thus, the quality of overlayers is critically
dependent  on  the  overlayer–substrate  interaction  which  can  be
orthogonally  decomposed  into  the  out-of-plane  interaction
(covalent  interaction  between  film  and  metal)  and  in-plane
interaction (interaction between the overlayer edge and the surface
step of the substrate) [7–9].

Studies have demonstrated that the out-of-plane interaction can
produce  a  moiré  corrugation  of  overlayers,  intensify  in-plane
interaction,  and  eventually  modify  the  overlayer  in-plane

evolution mode. In strong overlayer–substrate interaction regimes,
e.g.,  Ru  and  Re,  the  uphill  growth  is  nearly  inhibited.  In  the
downhill  direction,  the  overlayer  extension  induces  the  substrate
surface  rearrangement,  as  a  result  of  a  single-terrace  growth
[10–12].  These  two  factors  result  in  the  in-plane  anisotropic
growth. In weak overlayer–substrate interaction issues, such as Ir,
Pt,  and  Cu,  the  growth  front  of  the  2D film extends  across  both
the  uphill  and  downhill  steps  but  the  out-of-plane  coupling
strength  can  still  induce  in-plane  anisotropic  growth  [13–16].  In
quasi-freestanding  regimes,  such  as  2D  films  on  liquid  metal  or
liquid glass, overlayers grow isotropically, indicating that in-plane
interaction is fully removed [17–20]. Despite recent achievements,
the influence of 2D overlayer–substrate interactions on the growth
and  coalescence  behavior  has  not  been  systematically  studied;
consequently, the understanding of interfacial interactions during
2D film CVD processes is insufficient.

To better understand the effect of interfacial interactions on 2D
evolution  behavior,  we  need  to  develop  a  method  for in  situ
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observation of  2D film growth by exclusively tuning the strength
of the out-of-plane interaction and maintaining other parameters
during  the  CVD  process.  Recent  studies  have  demonstrated  an
effective  method  to  tune  the  out-of-plane  interaction  by
introducing  near-surface  species.  Hoffman  et  al.  have  confirmed
that  near-surface  C  species  weaken  the  interaction  between
graphene  overlayers  and Ni  surfaces,  leading  to  the  formation  of
non-epitaxial  graphene  [21].  Similarly,  our  previous  reports  have
indicated that the epitaxial feature of h-BN growth on Ni and Ru
substrates  depends  on  the  near-surface  B  species  which  weakens
the out-of-plane coupling strength [22]. However, in these studies,
the  near-surface  species  are  from  the  precursor  of  2D  materials,
and thus, the segregation of near-surface species still contributes to
the  growth.  Consequently,  possibilities  of “only  tuning  out-of-
plane coupling strength” are not addressed.

In  this  study,  the  neutral  near-surface  Ar  nanobubbles  with
absence  of  CVD  process,  is  introduced  to  systematically
investigate the influence of overlayer–substrate interaction on the
growth,  coalescence,  and  etching  of  graphene  on  Ru(0001)
surfaces  by  tuning  out-of-plane  coupling  strength  between
overlayers  and  substrates.  Graphene  is  a  prototype  2D  material,
and  key  findings  in  our  issue  can  be  generalized  to  other  2D
materials.  It  has  been  demonstrated  that  near-surface  Ar
nanobubbles  significantly  weaken  the  out-of-plane  interaction,
leading  to  the  in-plane  surface  step  restriction  being  nearly
depleted,  such  that  the  overlayer  growth  mode  transfers  from
anisotropy  to  isotropy.  As  a  result,  controlled  growth  of  round-
shaped  graphene  domains  has  been  achieved  by  only  tuning  the
out-of-plane  coupling  strength,  thereby  illustrating  that  the
coupling strength between the overlayer and the substrate is a key
factor in the shape evolution of 2D crystalline materials. Especially,
the  neighboring  domains  coalesce  seamlessly,  accompanying  by
an accelerated growth at the approaching frontiers. This abnormal
coalescence  behavior  can  be  ascribed  to  the  long  immigration
lifetime  of  growth  species,  because  of  the  high  hydrocarbon-
dissociation  activity  from  the  surfaces  and  the  very  weak
overlayer–substrate  interaction.  Besides,  the “round  to  hexagon”
morphological transition is realized by etching-regrowth, revealing
the  inherent  growth-etching  kinetics  under  quasi-freestanding
conditions. These findings provide a novel and promising method
to modulate the dynamic processes of 2D materials on surfaces. 

2    Experimental section
 

2.1    Instruments
The  main  experiments  were  performed  in  the  Vacuum
Interconnected  Nanotech  Workstation  (NANO-X)  of  Suzhou
Institute  of  Nano-Tech  and  Nano-Bionics,  Chinese  Academy  of
Sciences.  In  this  system,  more  than  20  instruments  such  as
photoemission  electron  microscopy  (PEEM)/low-energy  electron
microscopy  (LEEM),  scanning  tunneling  microscopy  (STM),  X-
ray  photoelectron  spectroscopy  (XPS)  and  time-of-flight
secondary ion mass spectrometry (TOF-SIMS), are interconnected
by  ultrahigh  vacuum  (UHV)  tubes  where  samples  can  be
transferred  from  one  endstation  to  another  one.  (1)  Dynamic
imaging  experiments  were  performed  in  a  SPECS  PEEM/LEEM
system  which  consisted  of  a  preparation  chamber  and  a  main
chamber  (base  pressure  <  3  ×  10−10 mbar).  In  LEEM  mode  the
micro-region  low  energy  electron  diffraction  (μ-LEED)  can  be
performed to  investigate  the  surface  structure  from local  regions.
(2)  Local  X-ray  absorption  spectroscopy  (XAS)  characterization
based on X-ray PEEM (XPEEM) measurements was conducted at
the  XPEEM  endstation  of  Synchrotron  Light  Research  Institute
(SLRI) in Thailand, which is installed with a preparation chamber

and  a  main  chamber  (base  pressure  <  2  ×  10−10 mbar).  Energy-
filtered XPEEM images stack was collected to construct local XAS
of  small  regions  of  interest  (ROIs)  by  measuring  the  integrated
intensity  of  the  ROIs  through  the  stack  as  a  function  of  energy.
The energy resolution of such local XAS is limited by the analyzer
exit slit to be about 0.15 eV, while the lateral resolution of XPEEM
image is below 30 nm. (3) Atomic resolution surface imaging was
carried out in a SPECS STM instruments (base pressure < 2 × 10−10

mbar).  (4)  Depth  resolution  mass  spectra  were  conducted  on  a
TOF-SIMS  5-100  instrument  (ION-TOF  GmbH),  which  is
connected  with  a  UHV  preparation  chamber.  The  sputter  ion
source used Cs+ ion with energy at 1 keV, beam current of 20.1 nA
and raster size of  300 μm for the depth profile.  And the analyses
were  carried  out  with  a  Bi+ primary  gun  with  a  beam  energy  of
30 kV, beam current of 0.7 pA and raster size of 100 μm. (5) XPS
analysis  was  performed  on  a  XPS  instrument  (from  PHI
Corporation)  based  on  micro-focused  monochromatic  Al  Kα X-
ray  source  scanning  X-ray  beam,  which  has  a  high  energy
resolution of 0.15 eV. 

2.2    Sample preparation
(1) A Ru(0001) single crystal was cleaned by sputtering of Ar+ ions
(2.0  kV,  7  ×  10−6 Torr  Ar  gas),  oxidation  in  5  ×  10−7 Torr  O2 at
600 °C, and annealing to 1,400 °C in UHV, which was named as
Ru(0001)–CLE.  (2)  Ru(0001)  surfaces  containing  near-surface  Ar
nanobubbles  (denoted  as  Ru(0001)–NSA)  were  obtained  by  Ar+

sputtering  (2.0  kV,  1  ×  10−5 Torr  Ar)  for  50  min  with  the
subsequent annealing at 800 °C for 5min, in which Ar atoms were
introduced  into  the  near-surface  region  and  parts  of  them
aggregated  into  Ar  nanobubbles.  (3)  Graphene  overlayers  were
prepared  using  C2H4 gases  as  the  precursor  with  pressure  of  1  ×
10−8 Torr and the substrate temperatures between 770 and 900 °C.
(4)  The  graphene  etching  experiments  on  the  Ru(0001)–NSA
surface were performed in 1 × 10−7 mbar O2 gases at 700 °C. 

2.3    Density functional theory (DFT) methods
The  spin-polarized  DFT  calculations  were  carried  out  with  the
Vienna ab  initio simulation  package  (VASP)  code  [23, 24].  The
ion−electron  interactions  were  described  by  the  projector
augmented  wave  (PAW)  potentials.  [25, 26].  The  Perdew–
Burke–Ernzerhof  (PBE)  function  within  a  generalized  gradient
approximation  (GGA)  was  employed  to  describe  the  exchange-
correlation interactions [27]. The cutoff energy of plane wave basis
was set as 450 eV. The Ru(0001) surface was mimicked with a (7 ×
7) slab model (a = 18.94 Å), which consisted of 4 Ru atomic layers.
To  simply  the  calculation,  the  graphene  adsorbed  surface  was
constructed by the coupling of (8 × 8) graphene cell with this (7 ×
7)  Ru(0001)  surface.  A  Monkhorst–Pack  2  ×  2  ×  1  k-point  grid
was  adopted  to  sample  the  Brillouin  zone.  The  van  der  Waals
dispersion correction was applied using the DFT-D3 method [28].
A  vacuum  of  25  Å  in  the z direction  was  employed  to  avoid
interactions between periodic images. The convergence criteria for
the residual force and energy during structure relaxation were set
to 0.01 eV/Å and 1 × 10−4 eV, respectively. 

3    Results and discussion
The  Ru(0001)  surface  was  chosen  as  the  substrate  for  graphene
growth.  First,  the  Ru(0001)  surface  strongly  interacts  with
graphene  overlayers,  which  provides  more  opportunities  to
weaken  the  coupling  strength  via  modulation  over  a  wide  range
[29].  Second,  the  surface  adopts  a  high  hydrocarbon-dissociation
activity,  promoting  the  growth  efficiency  of  graphene  overlayers
[30, 31].  On  this  substrate,  introduction  of  near-surface  Ar
nanobubbles,  absence  of  any  changes  in  surface  composition,  is
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attainable  to  tune  the  coupling  strength  between  the  graphene
overlayer  and  the  Ru(0001)  surface  and  keep  the  hydrocarbon-
dissociation activity of the substrate unchanged. 

3.1    Transition  from  anisotropic  to  isotropic  growth  of
graphene  on  Ru(0001)  by  dosing  near-surface  Ar
nanobubbles
All  experiments  were  started  by  preparing  Ru(0001)–CLE and
Ru(0001)–NSA,  as  described  in  detail  in  the  methods  section.
Compared  to  the  atomically  flat  Ru(0001)–CLE with  straight  steps
(Figs. 1(a) and 1(b)), the Ru(0001)–NSA surfaces contain randomly
distributed  nanosized  protrusions  with  height  of  2  to  6  Å  which
are  ascribed  to  the  formation  of  near-surface  Ar  nanobubbles
(Figs.  1(c) and 1(d))  [32].  Local  XAS  characterization  from
synchrotron-based  XPEEM  can  provide  direct  evidence  on  the
protrusions’ composition, with a spatial resolution of 20 nm [33].
As can be  seen in Fig. 1(e),  resonances  at  244.3,  247.5,  and 249.6
eV  are  only  observed  on  the  Ru(0001)–NSA surfaces  in  good
agreement  with the XAS results  for  Ar clusters  at  metal  surfaces,
indicating  that  Ar  nanobbules  have  been  produced  in  the  near-
surface regions [34].

Graphene  overlayers  were  grown  on  Ru(0001)–CLE and
Ru(0001)–NSA surfaces  by  exposure  to  1  ×  10−8 mbar  C2H4 (CVD
process)  at  800  °C,  respectively.  The  as-prepared  samples  were
transferred  to  TOF-SIMS  through  UHV  tubes.  Surface  carbon
signals were detected on both surfaces, and embedded Ar species
were  detected  in  the  near-surface  region  with  a  depth  of  1  nm
(Fig. S1 in the Electronic Supplementary Material (ESM)). Owing
to  the  10  nm  lateral  resolution  of  TOF-SIMS,  the  element
distribution profile implies that near-surface Ar species uniformly
distribute  at  the  near-surface  region  Ru(0001)–NSA surfaces  and
remain  stable  under  the  applied  harsh  growth  conditions.  As
shown in Figs.  2(a) and 2(d),  graphene domains with monolayer
features have the same symmetry and periodicity on both surfaces.
In particular, they exhibit a (13 × 13)–graphene on (12 × 12)–Ru moiré
superstructure,  which  is  considered  as  the  typical  graphene
overlayers  aligned  on  Ru(0001)  surfaces  [35].  More  differences
between  the  two  surfaces  can  be  found  at  the  mesoscale.  As
illustrated  in Fig. 2(b),  graphene  domains  display  a  sector  shape
that  is  elongated  along  the  terrace  direction  on  Ru(0001)–CLE
surfaces,  following  an  in-plane  anisotropic  growth  mode.  This  is
because  the  graphene  overlayers  rapidly  grow  along  steps  and

across steps in the downhill direction (Figs. 2(b) and 2(c)). While
nearly  inhibited,  growth  across  steps  in  the  uphill  direction  is
remarkably  slower  (Figs.  2(b) and 2(c)).  This  nearly  suppressed
uphill  step  crossing  has  been  demonstrated  by  the  strong
interaction  between  surface  steps  and  graphene  domain
boundaries,  that  is,  the  in-plane  interaction  [10, 36].  In  contrast,
round-shaped  graphene  domains  form  on  Ru(0001)–NSA surfaces
(Fig. 2(e)), implying an isotropic growth mode. There is almost no
growth  inhibition  in  the  uphill  direction  and  the  graphene
domains  uniformly  grow  along  steps,  and  across  steps  in  both
downhill and uphill directions. This type of growth indicates that
the  in-plane  anisotropy  from  the  strong  in-plane  interaction  is
significantly  diminished,  which  can  be  attributed  to  the
introduction of near-surface Ar nanobubbles.

As  shown  in Fig. 2(j), in  situ XPS  results  which  have  been
deconvoluted  (the  raw  data  is  displayed  in Fig. S2  in  the  ESM),
show that  the  C 1s  binding energy  of  graphene on Ru(0001)–NSA
surfaces shifts down by 0.5 eV with respect to that of graphene on
Ru(0001)–CLE surfaces.  Besides,  as  shown  by  the  inserts  in Figs.
2(b) and 2(e),  the  intensity  of  the  moiré  pattern  of  graphnene/
Ru(0001)–NSA becomes  weaker  than  that  of
grapnene/Ru(0001)–CLE.  These  two  measurements  confirm  that
 

In
te

ns
ity

 (a
.u

.)

Photon energy (eV)

Figure 1    Formation  of  Ar  nanobubbles  in  the  near-surface  regions  of
Ru(0001) surfaces. (a) STM image (200 nm × 200 nm) and (b) LEEM image of
the  Ru(0001)–CLE surface.  (c)  STM  image  (500  nm  ×  500  nm)  and  (d)  LEEM
image of the Ru(0001)–NSA surface.  (e) Ar local XAS spectra based on XPEEM
acquired  from  ROIs  inside  the  purple  and  blue  dotted  boxes  on  the
Ru(0001)–CLE and Ru(0001)–NSA surfaces in (b) and (d), respectively. LEEM ROI
=  20  μm  ×  20  μm.
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Figure 2    Graphene grown on Ru(0001)–CLE, Ru(0001)–NSA, and Pt(111) surfaces. (a), (d), and (g) STM images of graphene grown on Ru(0001)–CLE (200 nm × 200 nm),
Ru(0001)–NSA (200  nm  ×  200  nm),  and  Pt(111)  (40  nm  ×  40  nm)  surfaces,  respectively.  The  green  dotted  circles  represent  the  zone  containing  near-surface  Ar
nanobubbles. (b), (e), and (h) LEEM images with inserted LEED patterns of graphene growth on these three surfaces, respectively. The yellow dotted lines indicate the
extended direction of surface steps. (c), (f) and (i) Schematics of graphene extension on these three surfaces. The couples of blue dotted arrows display the elongation of
graphene domains along the terrace direction. (j) C 1s XPS spectra acquired from graphene on these three surfaces. It’s noted that the C 1s XPS spectra from graphene
on Ru(0001)–CLE and Ru(0001)–NSA surfaces have been deconvoluted and the raw data is displayed in Fig. S2 in the ESM.
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the presence of near-surface Ar nanobubbles remarkably weakens
the  coupling  strength  between  the  graphene  overlayers  and
Ru(0001)  surfaces,  that  is,  the  out-of-plane  interaction  [37, 38].
Furthermore,  density  function  theory  simulations  (Fig. S3  in  the
ESM)  demonstrate  that  the  adsorption  energy  of  graphene  on
Ru(0001)–NSA surfaces is lower than that on Ru(0001)–CLE surfaces,
which decreases with the increase in the height of near-surface Ar
nanobubbles. This tendency indicates that the coupling strength of
the graphene/Ru(0001) interface is decreased by introducing near-
surface  Ar  nanobubbles,  in  agreement  with  XPS  and  μ-LEED
observations.

As a control experiment, we carried out the growth of graphene
on  Pt(111)  as  a  reference,  which  is  a  typical  weak  interaction
regime [7, 29]. The STM and μ-LEED results (Figs. 2(g) and 2(h))
show  moiré  patterns  that  are  consistent  with  the  coincidence
structure with (10 × 10) graphene unit cells matched to (9 × 9) Pt
unit  cells.  As  displayed  in Figs.  2(h) and 2(i),  the  graphene  can
fully grow across the downhill surface steps, but only partly across
the uphill steps, indicating a weak in-plane interaction between the
Pt(111)  steps  and  graphene  domain  boundaries.  In  contrast,  the
interaction  between  graphene  domain  boundaries  and
Ru(0001)–NSA surface  steps  is  nearly  depleted,  thus  weaker  than
that  of  graphene/Pt(111)  regimes.  Besides,  Ru(0001)–NSA surfaces
interact with graphene overlayers even more weakly than Pt(111)
in  the  out-of-plane  direction.  This  can  be  verified  by  the  XPS
results for C 1s binding energy in graphene/Ru(0001)–NSA, which is
0.2  eV  lower  than  that  of  graphene/Pt(111)  (Fig. 2(j))  [39, 40].
This  observation  confirms  that  quasi-freestanding  graphene
overlayers are achieved on Ru(0001)–NSA surfaces.

Hence,  the  in-plane  interaction  strength  decreases  with  the
decrease  in  out-of-plane  interaction  of  graphene/Ru(0001)–CLE,
graphene/Pt(111), and graphene/Ru(0001)–NSA regimes. Following
the observed shape evolution of graphene, it can be deduced that
near-surface  Ar  nanobubbles  first  weaken  the  out-of-plane
interaction  between  graphene  overlayers  and  Ru(0001)  surfaces,

which  facilitates  the  simultaneous  removal  of  surface-step-
dependent  in-plane  interactions.  These  two  factors  contribute  to
the isotropic growth of graphene with a quasi-freestanding feature,
like the growth behavior on liquid substrates [17–20].

To  trace  the  growth  process,  the  sector-shaped  graphene
growth  on  Ru(0001)–CLE (Figs.  3(a)–3(c) and  Video  ESM1)  and
the  round-shaped  graphene  growth  on  Ru(0001)–NSA (Figs.
3(d)–3(f) and Video ESM2) were recorded using real-time LEEM
images.  The  growth  rate  can  be  evaluated  by  the  equation ν =
dA/(L·dt), where ν is the growth rate, A is the domain area, L is the
domain  perimeter,  and t is  the  growth  time  [41, 42].  The
quantitative  calculation  from  the  statistical  data  in Figs.  3(g) and
3(h) illustrates  that  the  growth  rates  of  the  sector-  and  round-
shaped  domains  are  3.3  and  6.9  nm/s  at  800  °C,  respectively.  A
similar quantitative analysis was conducted for the growth at 850
°C  (Fig. S4  in  the  ESM),  which  reveals  that  growth  rates  of  the
sector-  and  round-shaped  domains  are  4.5  and  10.0  nm/s,
respectively.  The  round-shaped  domains  extend  approximately
2.1–2.2  times  faster  than  the  sector-shaped  domains  because  the
very  weak  out-of-plane  interaction  integrates  the  growth  species
into the as-formed graphene domains more easily and the nearly
depleted  in-plane  interaction  removes  the  surface-dependent
anisotropy.  Hence,  the  growth  of  graphene  on  the  Ru(0001)–NSA
surface is more kinetically favorable than that on the Ru(0001)–CLE
surface.  Except  the  method  in  our  regimes,  alloying  metal
substrates  and  reducing  nucleation  amount  have  proved  to  be
both effective to increase the growth rate [43, 44]. 

3.2    Coalescence  of  graphene  domains  under  quasi-
freestanding conditions
The round-shaped graphene domains present an isotropic growth
behavior, which is expected to serve as an essential intermediate to
realize seamless coalescence and further preparation of large-scale
graphene single crystals. The coalescing behavior of round-shaped
graphene on the Ru(0001)–NSA surface was monitored by real-time

 

Figure 3    Effect of near-surface Ar nanobubbles on the growth dynamics of graphene. (a) and (b) Snapshots of a LEEM video acquired during graphene growth on
the Ru(0001)–CLE surface by exposing to 1.0 × 10−8 mbar C2H4 gases at 800 °C for 160 and 404 s, respectively. (d) and (e) Snapshots of a LEEM video acquired during
graphene growth on the Ru(0001)–NSA surface under the same conditions for 120 and 320 s, respectively. (c) and (f) Extended growth processes of a sector- and a round-
shaped graphene domains, which are marked by a yellow arrow in (a) and a purple arrow in (d), respectively. Evolution of perimeter (g) and area (h) of the sector- and
round-shaped graphene domains at 800 °C, labelled by a yellow arrow in (a) and a purple arrow in (d), respectively. The triangles and circles indicate the sector- and
round-shaped graphene domains, respectively.
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LEEM measurements, and the results are shown in Figs. 4(a)–4(f)
and 4(j), and Video ESM3. When two neighboring round-shaped
graphene  domains  approach  each  other,  tips  appear  at  the
approaching frontiers, whose morphology changes from a round-
shape  to  a  pear-like-shape  (Figs.  4(b)–4(d)).  The  graphene
expansion  at  the  approaching  frontiers  (labelled  as d1 and d2 in
Fig. 4(d))  and  in  the  radial  direction  (d3 and d4 in Fig. 4(d))  are
both measured.  As  shown in Fig. 4(k),  both  curves d1 and d2 are
linear  within  the  growth  time  of  12  s  and  display  quadratic
function-like features when the growth time exceeds 12 s, which is
ascribed  to  the  growth  with  a  constant  rate  (labelled  by  a  gray
block) and an accelerated growth (labelled by a bluish green block)

at  the  approaching  frontiers,  respectively.  Curves d3 and d4 are
typically linear functions, and the growth rate remains constant in
the radial  direction (Fig. 4(l)).  It  is  necessary to point out that  no
influence of the electron beam during the overlayer growth could
be detected. The observed areas and their respective surroundings
displayed  similar  coalescence  behavior,  as  evidenced  by  moving
the  sample  under  the  beam  or  by  changing  the  magnification
(Video ESM3).

Owing to the high catalytic activity of Ru(0001)–NSA surfaces,  a
large  number  of  growth  species  via  C2H4 dissociation  are
generated on the surfaces.  The consumption of  growth species  is
less  than  the  supplementation,  which  leads  to  an  attachment-
limited  growth  process  [30, 45].  In  addition  to  the  significantly
weakened out-of-plane  coupling  strength  and the  diminished in-
plane  surface-step-dependent  interaction,  the  as-formed  growth
species  quickly  diffuse  and adopt  a  long  immigration lifetime on
the  surface,  finally  enriching  near  the  growth  front  of  domains,
that is,  the enrichment zone.  The coalescing behavior is  expected
to consist  of  three stages,  as shown in Scheme 1.  On the heels of
graphene  nucleation,  growth  species  gather  in  the  area  near  the
growth  front  and  form  the  enrichment  zones.  With  domain
expansion,  the  length  of  enrichment  zones  develops  to  the
maximum  until  the  growth  reaches  a  quasi-equilibrium  state
(stage  1).  This  stage  proceeds  very  quickly  from  nanometer  to
mesoscale, which is hardly observed. The length of the enrichment
zone depends on the immigration lifetime of  growth species  and
their associated diffusion distance on the substrate surface [46]. In
stage  2,  enrichment  zones  approach  each  other  before  they
overlap,  and  the  neighboring  domains  isotropically  expand  at  a
constant  rate,  which  exhibits  good  agreement  with  the  statistical
results labelled by a gray block in Fig. 4(k). Accompanying further
expansion of graphene domains, enrichment zones overlap (stage
3)  such  that  the  concentration  of  growth  species  increases.  As  a
result,  the  graphene  growth  is  accelerated  at  the  approaching
frontiers  in accordance with the evolution tendency labelled by a
bluish  green  block  in Fig. 4(k),  leading  to  the  formation  of  pear-
like domains (stage 3).

In  fact,  the  accelerated  growth  in  the  approaching  direction  is
barely observed in the coalescence of 2D materials.  Normally,  on
surfaces with a high hydrocarbon-dissociation activity, such as the
Ru(0001)–CLE (strong coupling strength) and the Pt(111) (relatively
weak  coupling  strength),  the  graphene  coalescence  follows
attachment-limited way,  and thus  the  expansion rate  of  domains
in  the  approaching  direction  is  constant  [15, 30, 45, 47, 48].  In
contrast  to  Ru(0001)–NSA surfaces,  the  coupling  strength  of
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Figure 4    Seamless  coalescence  of  round-shaped  graphene  domains  triggered
by near-surface  Ar  nanobubbles.  (a)–(f)  Snapshots  of  a  LEEM video recorded
during the coalescence of neighboring round-shaped graphene domains on the
Ru(0001)–NSA surface by exposure to 1.0 × 10−8 mbar C2H4 gases at 850 °C for 0,
12, 36, 48, 60, and 72 s, respectively. (g)–(i) Micron-region LEED patterns of the
two  round-shaped  graphene  domains  and  the  stitched  zone,  marked  by  three
different  colored  spots  in  (f).  (j)  Extended  coalescing  processes  of  the
neighboring round-shaped graphene domains. (k) Distance from the graphene
center  to  the  edge  at  approaching  frontiers  as  a  function  of  growth  time  as
measured by in situ LEEM video, in accordance with the labled d1 and d2 in (d).
(l)  Distance  from  the  graphene  center  to  the  edge  at  the  radial  direction  as  a
function of growth time measured by in situ LEEM video,  in accordance with
the labled d3 and d4 in (d). The radial direction is perpendicular to approaching
frontiers.  (m)–(q)  Snapshots  of  a  LEEM video  recorded during  the  etching  of
the as-stitched round-shaped graphene domains on the Ru(0001)–NSA surface by
exposure  to  1.0  ×  10−7 mbar  O2 gases  at  700  °C  for  0,  16,  24,  40,  and  48  s,
respectively.  The  spot  labelled  by  a  purple  arrow in  (m)  is  the  defect  pixel  on
screen.  (r)  Etching evolution of  the coalesced graphene domains zooms in the
yellow windows in (m)–(q).  The red dotted lines  in  (m) and (r)  represent  the
roundish concave corner at  the stitching zone,  at  the beginning of  the etching
process.
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Scheme 1    Schematic of the coalescing mechanism of round-shaped graphene
domains. Stage 1: The enrichment zones build up and enlarge to their full size
according  to  the  immigration  lifetime  and  diffusion  length  of  building  blocks.
Stage 2: The enrichment zones approach each other before they overlap, leading
to a growth process with a constant rate. Stage 3: The enrichment zones overlap,
resulting in an accelerated growth in the approaching front.
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Ru(0001)–CLE and  Pt(111)  surfaces  is  not  sufficiently  weak  to
achieve a long immigration lifetime of growth species.  Therefore,
the  enrichment  zone  cannot  be  developed  and  no  growth
acceleration is observed [9, 15, 38, 49]. On the other hand, surfaces
with  a  low  hydrocarbon-dissociation  activity,  such  as  the  Cu
surface adopting a weak out-of-plane coupling strength, result in a
shortage  of  growth  species  near  graphene  domain  boundaries
from  a  surface-diffusion-limited  process  [7, 50, 51].  The
immigration  lifetime  of  growth  species  is  very  short  on  the  Cu
surface  [46].  Thus,  capture  zones  without  abundant  growth
species  are  generated  near  graphene  domain  boundaries.  When
two  graphene  domains  approach  each  other,  the  two  capture
zones overlap, causing an increase in the consumption of growth
species  and  further  a  decelerated  growth  behavior  at  the
approaching frontiers [46].

During coalescence, the roundish concave corner appears at the
stitching zone, as shown in Fig. 4(d). Wang et al.  have confirmed
that  the  appearance  of  the  roundish  concave  corner  in  the
stitching  zone  can  be  regarded  as  an  indicator  of  the  seamless
coalescence  of  2D  overlayers  on  weakly  interacting  surfaces  [39,
52].  After  coalescence,  μ-LEED  was  applied  to  detect  the  two
graphene domains and the stitched area. The results show that the
three  zones  have  the  same  orientation,  that  is,  graphene  aligned
with the Ru(0001) surfaces adopted a weak (13 × 13)–graphene on (12
× 12)–Ru moiré superstructure (Figs. 4(g)–4(i)). Accordingly, it can
be  deduced  that  the  coalescence  of  graphene  on  Ru(0001)–NSA
surfaces  follows  a  seamless  route,  due  to  the  very  weak
overlayer–substrate  interaction,  the  appearance  of  the  roundish
concave corner in the stitching zone, and the same orientation. In
contrast,  seamless  coalescence  of  graphene  is  hardly  achieved  on
strong interacting regimes such as Rh(111) and Co(0001) surfaces,
which needs  both an identical  orientation of  the  graphene lattice
and  the  coherence  of  the  moiré  corrugation  of  the  respective
domains because alternating adsorption sites  induce a substantial
periodic  buckling  in  the  form  of  a  large  moiré  corrugation  [39,
53].  From  this  perspective,  on  Ru(0001)–CLE surfaces  similar  to
Rh(111)  surfaces,  seamlessly  coalescing behaviors  are  expected to
be  unavailable,  although  the  graphene  domains  expand  in  an
identical  orientation  [38].  Thus,  the “imperfect  to  seamless”
coalescence  transition  is  realized  through  significantly  weakening
overlayer–substrate  interaction  induced  by  near-surface  Ar
nanobubbles on Ru(0001) surfaces.

To  further  elucidate  the  seamless  coalescence,  the  as-stitched
graphene  domains  are  etched  by  O2 atmospheres,  in  which  the
atmosphere  exhibits  a  high  etching  efficiency  under  UHV
conditions  (Figs.  4(m)–4(q) and  Video  ESM4)  [54].  It  has  been
observed that the roundish concave corner forms at  the stitching
zone, at the beginning of the etching process (Figs. 4(m) and 4(r)).
The concave corners present an angle of 120° at the stitching zone
(Figs. 4(n) and 4(p)) during etching, which indicates that the two
domains  are  aligned.  Moreover,  the  formation  of  the  vacancy
domains or cracking was not observed at the stitching zone during
the  entire  etching  process,  which  implies  that  there  is  no  grain
boundary  in  the  stitching  area.  This  etching  behavior  further
confirms  that  the  observed  coalescence  of  2D  overlayers  is
seamless [39, 55, 56]. Hence, the seamless coalescence of graphene
domains on Ru(0001)–NSA surfaces can be reassured. 

3.3    Etching-regrowth  behavior  of  graphene  overlayers
under quasi-freestanding conditions
The  formation  of  quasi-freestanding  graphene  offers  a  practical
way  to  investigate  the  intrinsic  evolution  behavior.  Generally,
etching of 2D overlayers is an efficient manner for analyzing their
evolution  mechanism.  In  particular,  etching  in  the  quasi-
thermodynamic  equilibrium  condition  assists  in  attaining  the

Wulff structure of 2D overlayers [49, 57–59].  Under real reaction
conditions, the evolution behavior of graphene is disturbed by non-
ideal  factors  such as  defects  and surface step restriction,  resulting
in distortions on the domain morphology that leads to a structure
different  from  the  Wulff  structure  [35, 36].  For  example,  sector-
shaped graphene domains on Ru(0001)–CLE retain their own shape
when etched using O2 gas at different temperatures and pressures,
which is caused by the strong surface step restriction, as shown by
the etching process under typical conditions in Fig. S5 in the ESM.
In  contrast,  when  etching  round-shaped  graphene  domains  on
Ru(0001)–NSA under  the  same  conditions,  the  graphene
morphology  changes  from  a  round  shape  to  a  hexagon  shape
(Figs.  5(a)–5(f) and  Video  ESM5),  implying  the  formation  of  a
graphene Wulff construction [60, 61].

Studies have reported that the edges of round-shaped domains
consist  of  three  different  structures,  including  zigzag,  armchair,
and S19° (with a rotation angle of ~ 19° with respect to the zigzag
edge) edges [62–64]. The stabilization energies of these three edges
increase  successively  because  of  the  increase  in  kink  density
[62–64]. Because the interfacial interaction between graphene and
the Ru(0001) surface is significantly weakened by near-surface Ar
nanobubbles,  graphene  overlayers  are  quasi-freestanding  and
display  intrinsic  properties  [20, 65].  Ru(0001)  surfaces  adopt  a
high catalytic  activity  for  the  decomposition of  O2 into  O atoms,
which  provides  sufficient  etching  agents  [54].  These  two  effects
contribute  to  attaining  the  quasi-thermodynamic  equilibrium
state.  Hence,  following  the  above-mentioned  difference  of  these
three  edge  structures  in  energy  stabilization,  the  etching  rates  of
the zigzag, armchair, and S19° edges orderly increase, resulting in
that the proportion of zigzag edges in these three edge structures
successively  increases  and  finally  only  the  zigzag  edges  are
preserved (Fig. 5(c) and Schemes 2(a) and 2(c)). Correspondingly,
 

Figure 5    Morphology  and  edge  evolution  of  graphene  domains  on  the
Ru(0001)–NSA surface  during  O2 etching  and  regrowth  by  introducing  C2H4

gases.  (a)–(f)  Snapshots  of  a  LEEM  video  acquired  from  a  round-shaped
graphene  domain  etching  by  1.0  ×  10−7 mbar  O2 gases  at  700  °C  on  the
Ru(0001)–NSA surface  for  0,  10,  20,  30,  36,  and  42  s,  respectively.  (g)–(i)
Snapshots  of  a  LEEM  video  acquired  during  a  hexegon-shaped  graphene
domain regrowing by introducing 5.0 × 10−9 mbar C2H4 gases at 700 °C on the
Ru(0001)–NSA surface for 0, 72, 144, 216, 288, and 360 s, respectively.
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the  graphene  morphology  changes  from  a  round  shape  to  a
truncated hexagon (dodecagon) shape and eventually the hexagon
shape,  that  is,  the  Wulff  construction (Fig. 5(f) and Schemes 2(a)
and 2(c)) [62]. This etching process reveals the intrinsic evolution
behavior  of  graphene  in  the  freestanding  condition.  Hence,  the
etching competition among the three different edges of the round-
shaped  graphene  overlayer  determines  the  final  graphene
morphology.

In  addition,  the  regrowth  originating  from  the  hexagonal
graphene domain was performed by introducing 5.0 × 10−9 mbar
C2H4 gases at 700 °C. It is a reversible process with respect to the
above-mentioned etching; thus, the graphene shape changes from
hexagon to truncted hexagon (dodecagon),  and eventually  quasi-
round, that is,  icosikaitetragon (Figs. 5(g)–5(l) and Video ESM6).
The  edge  structures  of  graphene  transform  from  the  zigzag-
terminated  edge  to  the  zigzag,  armchair,  and  S19°  mixture-
terminated  edge  (Schemes  2(b) and 2(c)).  Owing  to  the  quasi-
freestanding condition, attachment barriers during the integration

of  growth  species  into  these  three  types  of  edges  are  nearly
equivalent.  Thus,  the  growth  kinetics  of  these  edges  are  almost
identical,  which  induces  a  growth  mode  transformation  from
anisotropic  to  isotropic  way,  that  is,  a “hexagon  to  round”
morphological transition.

It  is  worth  mentioning  that  previous ex  situ studies  have
captured segmental images of this shape transition under ambient
to  near-ambient  pressure  [51, 62].  In  our  regime  the “round  to
hexagon” morphological  transition by etching-regrowth has been
observed in real-time under UHV conditions. Our study draws a
complete  picture  of  this  evolution  behavior,  which  provides
detailed  clues  to  the  systematic  understanding  of  the
morphological  transition  in  freestanding  conditions.  Moreover,
the  realization  of  this  evolution  behavior  from  UHV  to  ambient
conditions  indicates  that  the  pressure  gap  can  be  fully  bridged,
which is in good agreement with our previous studies [39, 59]. 

4    Conclusions

Overall,  the appearance of the round-shaped graphene domain is
a  sign  of  the  isotropic  growth  mode,  which  is  a  mesoscopic
expression  of  the  nearly  depleted  overlayer–substrate  interaction,
i.e.,  the  quasi-freestanding condition.  Under  this  condition,  all  of
the  typical  edges  including  zigzag,  armchair,  and  S19°  edge
structures are energetically favorable in their respective directions.
Considering graphene as a prototype of 2D films, we deduce that
the results which we observed here can be generalized to all other
2D  crystalline  materials.  Indeed,  round-shaped  domains  also
appear  during  the  formation  of  h-BN  and  transition  metal
dichalcogenides  (TMDs).  Previous  reports  have  confirmed  that
graphene can grow in an isotropic mode on liquid substrates, such
as  molten  metal  or  molten  insulators  (glass)  [17–20].  Lee  et  al.
have  achieved  the  preparation  of  round-shaped  h-BN  on  liquid
Au  substrate  [18].  The  MoS2 domains  with  a  round  shape  also
have also been observed on SiO2/Si substrates [66].

The  round-shaped  graphene  domain  plays  as  an  essential
intermediate  for  seamless  coalescence  and  further  preparation  of
large-scale  graphene  single  crystals.  For  example,  Zeng  et  al.  and
Lee et al. achieved these goals for graphene on liquid Cu substrates
and  h-BN  on  liquid  Au  substrates,  respectively  [17, 18].  In  our
case,  near-surface  Ar  nanobubbles  remarkably  weaken  interfacial
interactions  between  graphene  and  Ru(0001)  such  that  the  solid
Ru(0001)  surfaces  serve  the  similar  roles  as  the  liquid  substrates,
resulting in isotropic growth and seamless coalescence of graphene
as  well  as  the “round  to  hexagon” morphological  transition  by
etching-regrowth.  In  addition,  Ru(0001)–NSA surfaces  possess  the
following advantages in comparison with normal liquid substrates
including  Cu,  Au,  and  glass.  First,  it’s  more  energy-efficient  and
economically  viable  because  Ru(0001)–NSA surfaces  have  higher
catalytic  activity  for  the  decomposition  of  precursor  gases  and
etching  gases,  contributing  to  lower  growth  (or  etching)

temperatures and lower growth pressures [17, 18, 20, 41].  Second,
our method is more simply operated owing to the solid surface. In
addition,  we  also  observed  the  isotropic  growth  of  h-BN  on
Ru(0001)–NSA surfaces  (Fig. S6  in  the  ESM),  and  similar
coalescence, etching, and regrowth processes can be expected [67].
Accordingly,  isotropic  growth,  seamless  coalescence,  and  Wulff
construction  should  be  realized  in  other  2D  overlayers  such  as
TMDs and carbides on Ru(0001) surfaces containing near-surface
Ar  nanobubbles  under  free-standing  conditions.  The in  situ
surface  imaging  at  multiple  scales,  surface  spectroscopy,  depth-
resolution  mass  spectrum  experiments,  and  DFT  calculations
presented  here  reveal  the  interfacial-interaction-dependent
dynamic nature of the process in an unparalleled way and provide
important  insights  into  the  insintric  kinetic  evolution  behavior
from the micro- to nanometer scale. 
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Scheme 2    Schematic of the graphene morphology transition processes for etching (a) and regrowth (b), according to Fig. 5. (c) Edge evolution of graphene domains
on the Ru(0001)–NSA surface during the etching and regrowth. The colored dotted arrows represent the evolution directions of the zigzag, armchair, and S19° edges,
respectively.
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