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2D materials (2DMs) have now been established as unique and attractive alternatives to replace current
technological materials in @ number of applications. Chemical vapour deposition (CVD), is undoubtedly
the most renowned technique for thin film synthesis and meets all requirements for automated large-
scale production of 2DMs. Currently most CVD methods employ solid metal catalysts (SMCat) for the
growth of 2DMs however their use has been found to induce structural defects such as wrinkles, fissures,
and grain boundaries among others. On the other hand, liquid metal catalysts (LMCat), constitute a poss-
ible alternative for the production of defect-free 2DMs albeit with a small temperature penalty. This
review is a comprehensive report of past attempts to employ LMCat for the production of 2DMs with
emphasis on graphene growth. Special attention is paid to the underlying mechanisms that govern crystal
growth and/or grain consolidation and film coverage. Finally, the advent of online metrology which is par-
ticularly effective for monitoring the chemical processes under LMCat conditions is also reviewed and
certain directions for future development are drawn.

1. Introduction
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ical strength>” and flexibility to outstanding thermal and elec-
trical conductivity>®’ paired with transparency,® these extra-
ordinary materials propelled the enthusiasm for discovering
new standards. A variety of methods have been employed to
produce 2DMs”'? with different results in attained quality and
quantity. Due to the sheer volume of current and potential
applications,”"'™'* a quest for large-scale production of 2DMs
in various forms (e.g. flakes, sheets, wafers etc.) has been
addressed quite early on but it is still a major obstacle for
further expansion. In pursuit of mass production, the most
well-rounded method in terms of automation, scalability and
efficiency is chemical vapour deposition (CVD).">*® In brief,
the current state-of-the-art CVD synthesis of 2DMs involves the
dissociation and adsorption of gas-phase precursors on solid
metal catalysts (SMCat) at elevated temperatures.'® It is now
well established®®™>* that the use of SMCat, which also act as
supporting substrates and normally contain crystalline defects,
grain boundaries and surface roughness, can induce severe
imperfections to the growing 2DMs. By the introduction of
liquid metal catalysts (LMCat) instead of SMCat, many of these
solid-state defects are evidently not present in the melt and
therefore defect-free synthesis is promoted.>* Furthermore, by
taking advantage of the rheological properties of the molten
metal, the spontaneous self-assembly of the 2D crystals can be
effectively attained. Finally, the weak bonding between 2DM
and the melt allows the removal of the grown 2DM even at
high temperatures and, therefore, the thermal stresses devel-
oped upon cooling on the solid substrates can be disregarded.

Another important step in the production of large scale
2DMs is the assessment of their quality. Until lately, the evalu-
ation of 2DM properties was undertaken solely ex situ, on the
completion of the production process at room temperature. It
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is evident that in order to be able to intervene during 2DM
CVD growth, real-time characterization techniques must be
developed so as to become standard tools for every CVD
reactor.>”®

This review aims to shed light on the process-structure-prop-
erty relationship that governs the fabrication of tailored 2DMs
by liquid catalytic CVD. The term “process” describes the sub-
strate preparation, catalytic activation and growth mechanisms
of 2DM growth by CVD. The “structure” refers to the mor-
phology, nucleation and organization of the 2D sheets incor-
porating their layer number, crystal orientation and size as
well as defects. Finally, the term “property” focuses on the pro-
perties of the as produced 2DMs and the prospect of tweaking
them to our liking by the means of in situ characterization.
Exploring the discrete physical and chemical properties of
2DMs grown on LMCat in comparison to those grown on
SMCat provides us with a better understanding of the CVD
catalytic processes and allows further expansion of the CVD
production method towards automation and
commercialization.

future

2. Graphene growth on liquid
catalysts

2.1. Liquid copper

The process of graphene CVD production, due to its nature,
draws resources not only from the field of classic crystal
growth and thin film deposition but also from that of hetero-
geneous catalysis. A planar catalyst, such as foil or a film, is
exposed to a gaseous hydrocarbon precursor at elevated temp-
eratures. As a result, the gas dissociates to carbon species on
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the surface and when a critical concentration is reached, a gra-
phitic layer nucleates and grows. Considering the catalyst
choice, a broadly used rationale is the equilibrium carbon
solubility in a given catalyst.”® For graphene nucleation and
subsequent growth, the carbon concentration on or near the
catalyst surface, c, is required to exceed the equilibrium solubi-
lity, ¢*, in order to develop the required carbon supersatura-
tion, Ac = ¢ — ¢*. This can result either from continuous hydro-
carbon exposure and dissociation at the catalyst surface at con-
stant temperature, referred to as isothermal growth, or via cata-
lyst cooling due to the related reduction in carbon solubility,
which is denoted as precipitation on cooling. During a basic
CVD process, consisting of heating up, exposure to a hydro-
carbon at constant temperature, and cooling down under an
inert atmosphere, a 2DM such as graphene will be formed via
isothermal growth but additional layers may also form upon
cooling.?®*! Therefore, a catalyst with low carbon solubility is
essential for monolayer CVD graphene while for high carbon
solubility metals, graphene grows via precipitation upon
cooling, leading to multilayer formation.'®**** However, the
inherent characteristics of solid metals such as surface rough-
ness, crystalline defects and grain boundaries can induce
defects in the as grown material to the detriment of final
product quality. Moreover, graphene growth on solid copper
foil frequently contains an amount of adlayers'® resulting from
nonuniformity present on the foil surface. Additionally,
further introduction of carbon supply favours considerably the
formation of multilayers.*® Numerous methodologies have
been established in order to restrict the formation of adlayers
on solid copper. These include, but are not limited to, anneal-
ing, electropolishing and the utilization of a monocrystalline
f0i1.20'35_41

Recently, the use of liquid instead of solid metal catalysts
has attracted attention as an alternative and very promising
approach for the production of large scale and high-quality gra-
phene. This research direction was sparked by a pioneering
work showcasing highly uniform single crystalline growth of

Nuclei growth
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graphene by incorporating molten copper as the catalytic sub-
strate.”> Subsequently, many studies have explored that route
and confirmed the advantages of liquid metals over solids. The
smooth and isotropic surface of LMCat has the potential to
complete this quest by promoting faster and defect-free synth-
eses which in turn facilitate the growth of self-aligned and
uniform monolayer graphene (Fig. 1).**** Moreover, liquid
metals with low carbon solubility and quasi-atomic surfaces,**
which greatly suppress the nucleation sites induced by grain
boundaries, can be ideal substrates for the catalytic growth of
graphene with a uniform number of layers. An important tech-
nical factor that must be taken into consideration for successful
growth on liquid metals is the material underneath that will act
as a holder for the molten catalyst. Firstly, the used materials
must have a higher melting point than that of the melt.
Furthermore, the supporting material must have wetting pro-
perties in order to prevent balling of the liquid, as well as dis-
couraging the insertion of undesirable alloying,*® which has a
significant impact on the morphology and quality of the pro-
duced materials. One model case is the system of W-Cu, which
satisfies all the conditions mentioned above due to the com-
plete immiscibility of the elements. The excellent wettability of
liquid Cu on W facilitates a smooth catalytic surface and
increases the quality of the as-grown graphene.’® Finally,
average growth rates of graphene grown on LMCat were found
to be considerably higher compared to those of graphene grown
on solid catalysts. This holds great technological implications
since the attained high rates can be achieved without any com-
promises in shape and quality, pointing to the possibility of
obtaining graphene single crystals of macroscopic dimensions,
that are otherwise difficult to grow on a solid Cu surface.” This
dramatic difference in growth rates is due to the abundance of
free electrons in liquid Cu which speed up nucleation times,*®
while the isotropic flat surface of solid copper significantly sup-
presses the nucleation sites.

2.1.1. Size and quality. The quality and size of CVD gra-
phene are directly associated with the way graphene domains

Self-assembly

-
e —

Full film coverage

Fig. 1 Schematic illustration of the CVD growth process of graphene on liquid Cu. SEM images are indicative of dispersed graphene hexagonal
flakes, self-ordered graphene hexagonal flakes and continuous uniform graphene film, respectively (this figure has been adapted/reproduced from

ref. 42 with permission from PNAS, copyright 2012).
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nucleate, evolve and merge to form a continuous film. In order
to achieve high-quality monolayer graphene of large dimen-
sions, two basic approaches have been implemented. The first
methodology is to lower the graphene nucleation density and
then allow a single nucleus point to expand with time.
Generally, a higher growth temperature and lower precursor
pressure, usually expressed as a lower carbon chemical poten-
tial,* result in lower nucleation densities. Alas, surface imper-
fections such as defects, impurities and grain boundaries can
be active sites for graphene nucleation. CVD graphene grown
on metal catalysts is often labelled as an inherently self-limit-
ing process due to the fact that monolayer coverage will even-
tually starve off the catalytic surface from precursor supply
which, subsequently, prevents the formation of a second layer.
Yet, this only refers to conditions of low carbon chemical
potential. For usual catalysts, including Cu, it is shown that
higher precursor pressures nucleate additional graphene layers
at the interface between the catalyst and the initial monolayer
driven by precursor leakage through intrinsic active sites such
as defects, grain boundaries or gaps on the formed
monolayer.'®>® The second approach is to prevent any misor-
ientation between different graphene domains, so that in an
ideal situation, they would all merge into a seamless graphene
single crystal. However, apart from carbon supplies, the effects
of competing etching processes such as those initiated by
hydrogen, water, or oxygen species must also be taken into
account.”® Liquid metals, interestingly, fulfil both strategies.
The quasi-atomically smooth surface of liquids is formed by
the collective actions of surface tension and thermal motion of
atoms which minimize the surface energy. Based on the
random close packing geometry, the atomic structure of
liquids driven by thermal motion can be described as short-
range order and long-range disorder,’*>* allowing for a surface
without apparent defects. This behaviour makes the substrate
a time-dependent nonperiodic ionic structure, which leads to
a permanent thermal movement of surface atoms and fluctu-
ation of their interatomic distance.”® As a result, the inter-
action between the growth substrate surface and adatoms
weakens and their migration barrier energy is lowered, leading
to a rapid adatom diffusion rate.”> Consequently, there is a
deficiency of active sites, thus decreasing the nucleation
density. Additionally, the uniformity of the LMCat smooth and
fluent surface allows for self-alignment of graphene grains and
their subsequent assembly, resulting in large area single crys-
tals of graphene.”’

The decrease of nucleation density offers considerable
enhancements in the quality and growth rate of graphene. As
denoted from the respective activation energies for copper
(Fig. 2b), by transcending from solid to the liquid phase, a
sharp decline is observed in the concentration of the nuclei
and nucleation time.”” The potential barrier to be surpassed
for the nucleation of graphene is determined by Gibbs free
energy and the critical size, n* of carbon clusters. With a low
carbon chemical potential, the energy of carbon clusters tends
to increase with the number of carbon atoms, leading to their
decomposition. The small number of clusters that reach the

This journal is © The Royal Society of Chemistry 2021
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critical size have the effect of reducing Gibbs free energy,
hence facilitating faster growth. Furthermore, in liquid Cu,
there is a redistribution of the density of d-electrons among
neighbouring atoms.’*® These free electrons passivate
carbon clusters thus significantly lowering their formation
energy, which facilitates fast nucleation.’®®° Subsequently, the
clusters would adsorb preferentially to the liquid surface
rather than re-vaporize during the deposition process. In com-
bination with the defect-free surface of liquid Cu, the initial
nucleation density will be quite low. From that point onward,
graphene growth turns into a kinetics dominated process and
the active carbon species selectively attach to the edges of exist-
ing nuclei, rather than creating new ones.’"*> Therefore, rapid
nucleation on liquid Cu with low density can be effectively
accomplished which is attributed to the differences in the elec-
tronic state and surface structure between the two phases.

It is worth adding at this point that Cu vapours constitute a
vital parameter that facilitates rapid graphene growth.®® This is
because substantial carburization takes place in the airborne
Cu clusters, followed by dropwise condensations on the
surface of the Cu catalyst, that bring about additional gra-
phene growth.®* Consequently, the diffusion-based mass trans-
port of carbon atoms plays a significant part in the rate-deter-
mining step of graphene growth on liquid Cu. As the growth
temperature rises, the surface tension of liquid Cu tends to
decrease, and the associated rate of carbon diffusion is
increased. This leads to a higher growth rate and the expan-
sion of graphene crystals (Fig. 2c—e). A further increase in pre-
cursor flow rates yields similar crystal sizes which confirms the
predominance of the temperature determined mass-transport
diffusion mechanism over increased carbon decomposition
with increased temperature (Fig. 2f and g).

Based on the above, it is therefore essential to find the
balance between nucleation density and growth rate. The fun-
damentals for fast and high-quality graphene growth on liquid
copper can be summarised as follows: (i) the nucleation
density of graphene on liquid Cu is greatly downsized,** owing
to the removal of defect sites. (ii) Copper evaporation is much
more prominent for liquid rather than solid Cu.®® The inter-
action between the copper vapour and the carbon precursor is
greatly amplified, promoting the production of highly active
carbon species. Consequently, the as-decomposed carbon
atoms are more susceptible to integrate into existing graphene
islands. (iii) The potential barrier for the spreading of precur-
sors on liquid Cu is reduced greatly®® and that favours fast
growth since the dissociated carbon atoms tend to attach to
already formed graphene nuclei. Moreover, due to the intense
thermal motion, a fluctuation of the interatomic distance
occurs and the dynamic change on the distribution of
vacancies® facilitates the migration of carbon atoms and
increases their diffusion rate.

2.1.2. Orientation and self-assembly. As has been already
mentioned earlier, graphene grains grown on polycrystalline
SMCat are unoriented and their consolidation is random. This
gives rise to polycrystalline graphene films that contain grains
of variable width (typically of a few microns) surrounded by

Nanoscale, 2021,13, 3346-3373 | 3349
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Fig. 2 (a) Schematic illustration of graphene nucleation on liquid Cu under low carbon chemical potential facilitated by rich free electrons. (b) Plots
of the nucleation density and nucleation time of graphene on Cu as a function of the temperature. Arrhenius plot for the nucleation density of gra-
phene denotes the activation energy for solid and liquid Cu. SEM images showcasing the time evolution of graphene single crystal grown on liquid
Cufor(c)t=2s,(d)t=3sand(e) t=4sat1120 °C and 5 sccm of CH4. t = 0 s is defined as the moment of CH, introduction in the CVD furnace.
Growth of graphene conducted at different precursor concentrations ((f) 5 and (g) 10 sccm) at 1100 °C for 10 s. Reprinted with permission from
Springer Nature, Science China Materials*’ (insight into the rapid growth of graphene single crystals on liquid metal via chemical vapour deposition,
S. Zheng et al., 2019).
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boundaries which are viewed as major defective sites that
downgrade film quality.®”~®° The strategy of seamless stitching
of graphene grains has been attempted and successfully
implemented before,*>”° but requires highly challenging and
costly substrate pre-treatments.”’””* As postulated in a number
of publications,****7*7> the rheological properties of liquid
surfaces can alleviate the problems mentioned above, by pro-
viding a better platform for the precise manipulation of the
rotation, alignment, and self-assembly of graphene grains,
leading to well-controlled integration and large-scale single
crystals. As a common natural phenomenon, self-assembly is a
process in which disordered building blocks spontaneously
organize with each other to form a super-ordered structure or
pattern by the application of external fields or interactions”®
and is considered a simple and capable nanofabrication strat-
egy.”” Employment of LMCat allows the organization and
alignment of graphene nucleation sites thus enabling single-
crystal graphene arrays with a highly ordered structure and
large size distribution. By prolonging growth, the single-crystal
grains coalesce as a unified continuous film.”*

The forces that govern the distribution of grown nuclei can
either be capillary®® or electrostatic’® in nature. For the former
mechanism, the surface tension of liquid metal surfaces is
crucial’”® as it affects the spatial self-alignment and organiz-
ation of graphene domains. The liquid Cu surface can be
assumed to be a system with certain arc angles as required by
the balance of gravitational/capillary forces prior to the for-
mation of graphene nuclei. With the formation of the first
graphene nucleus, its gravitational force disrupts the surface
tension balance and additional forces are needed to maintain
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system equilibrium (Fig. 3c). As the process ensues, the sub-
sequently formed nucleus will need to contribute to the
decrease of surface free energy. The interaction between the
graphene flakes adheres to the energy minimisation rule
where the edges of graphene grains with the same energy are
arranged in parallel as shown in Fig. 3d.** Regulation of the
nuclei locations was attributed to the rheological properties of
the molten surface. The same procedure is repeated until
there is full film coverage on the surface of liquid copper,
where the system reaches higher stability. The secondary
mechanism allows the precise control of the crystallographic
orientation resulting from electrostatic interactions between
neighbouring nuclei generated around the flakes during
growth. In fact, a theoretical simulation that was employed to
assess the electrostatic potential (ESP) of the grown graphene
hexagons on liquid copper, has pointed to the presence of an-
isotropy in the ESP distribution at the flake edges.”® Thus,
owing to the fluidity of the substrate and the direction of the
static electric field, each individual graphene single crystal
tends to adjust its own orientation to match that of neigh-
bouring nuclei, leading to self-collimated crystal arrays
(Fig. 3a). Furthermore, by substrate engineering one can
manipulate the charge distribution of the catalyst and grow
graphene single-crystal arrays of controlled thickness on a very
large scale.** One example of this has already been shown
involving industrial copper foil containing positively charged
alumina nanoparticles.®® The driving force of this process was
attributed to the electrical charge of Al,O3;, which was caused
by the initially unequal work functions with Cu.®! In fact, elec-
trons transfer from Al,O; into Cu as a consequence of the
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(a) Molecular structures and ESP maps of single graphene crystals as well as schematic of the electrostatic interaction-induced assembly of

graphene grains. (b) As-obtained self-aligned graphene crystal arrays. Reprinted with permission from ref. 78. Copyright 2016 American Chemical
Society. (c) lllustration of the surface tension governed growth mechanism for self-aligned graphene arrays on liquid Cu and (d) scheme of the
edge-approaching mode of adjacent hexagonal graphene flakes. (e) SEM image of typical hexagonal graphene arrays, with parallel arranged edges.

Reprinted with permission from ref. 43. Copyright 2014 Wiley-VCHd.
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difference in their work functions until equilibrium of Fermi
levels is established. This results in a positive and negative
charge distribution for the Al,O; particles and liquid Cu bulk,
respectively. The fluidity and charge of the liquid Cu makes
alumina segregate to the surface of liquid Cu, which lays the
foundation for the formation of transverse and vertical electric
fields, leading to the manifestation of organized self-assembly
of the Al,O; particles on the molten plane (Fig. 4h). By intro-
ducing the carbon precursor, guided by the ordered array
already established, graphene growth is facilitated by the
reduction in nucleation energy barrier from the hetero-
geneous particles.®>® The periodicity of the as-derived gra-
phene single-crystal arrays was found to be the same as that
of the Al,O; particle arrays while the spacing between the crys-
tals could be modulated via tuning the concentration of par-
ticles in the Cu bulk.

Another way of controlling the self-assembly behaviour of
graphene growth is by manipulating the external parameters
affecting the CVD process, such as nucleation density, temp-
erature and gas flow rate. Zeng et al. assembled a 2D super-
ordered structure by employing PMMA coated copper foil as a
way for engineering nucleation sites on liquid surfaces.”® As
the PMMA film decomposed, it condensed into mobile nuclea-
tion seeds that could move freely on the liquid copper surface.
With the appropriate flow rate, the seeds could be arranged in
an energetically favourable fashion by maintaining the same
spacing with regulated speed and direction. By introducing
methane, the seeds could expand and combine into a single-
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By promoting the self-organization of the formed nuclei,
the quality of the obtained graphene films is inevitably
boosted. A number of earlier studies®**> employed a two-step
strategy involving controlled orientation by selective H,
etching, NaCl-assisted oxidation and low carbon chemical
potential followed by subsequent carbon supersaturation by
high carbon flux, so as to produce graphene films of low
defect density. The alignment of graphene nuclei in the first
step allowed for the eradication of grain boundaries thus pro-
ducing films with outstanding electrical properties. Post-pro-
duction electron backscattered diffraction (EBSD) maps pro-
vided correlation between graphene and the copper lattice
direction. It was observed that the rotation and orientation of
graphene follows the movement and twinning of the copper
atoms which indicates that the process is driven purely by the
epitaxial relationship with the copper lattice and not the gas
flow.5®

The growth temperature was also found to play a decisive
part in the alignment of graphene.®” Graphene growth on a
solid catalyst takes place just below the melting temperature of
copper (T, = 1083 °C), giving rise, as mentioned earlier, to a
polycrystalline surface due to the produced randomly oriented
nuclei. Above the Ty, and within a certain range, graphene
domains exhibit the same orientation and coincide with the
direction of the gas flow. However, above a critical temperature
T., of ~1140 °C, graphene nuclei tend to increase in size and
display irregular orientations again (Fig. 4a-g). Overall, it is
quite evident that self-assembly of graphene can be driven by
several parameters and interactions in a facile manner on
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Fig. 4 SEM images of graphene grown (a) on solid Cu, (b) at a temperature between melting and critical point of Cu and (c) at a temperature above
the critical point of Cu. (d—f) Distribution of orientation angles of grown graphene in (a—c), respectively. (g) Schematic illustration of graphene
growth behaviour under different temperatures. Reprinted with permission from ref. 87. Copyright 2019 American Chemical Society. (h) Illustration
of the mechanism of electric field driven Al,Oz ordered growth on liquid metals. Reprinted from ref. 80. Copyright 2018, with permission from

Elsevier.
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liquid surfaces. The steering, positioning, and arrangement
behaviour of the crystals involved are aided by the rheological
features of the molten metal, thus enabling grain-boundary-
free stitching and well-arranged arrays of graphene single crys-
tals with significant controllability and efficiency.®®*® However
up until now, self-assembly strategies of other 2D materials,
besides h-BN which exhibits similar behaviour to graphene,
have not been attempted or fully developed.

2.1.3. Morphology engineering. Monitoring the shape of
graphene flakes is of paramount importance towards the inves-
tigation of a growth mechanism that would aid in the fabrica-
tion of graphene with the desired layer number, crystal size
and orientation. Moreover, it is beneficial towards the customi-
zation of final properties since they are strongly correlated to
the crystal shape and structure. Normally, graphene grows in a
hexagonal shape which is strongly linked to its atomic struc-
ture. Even though a variety of graphene shapes have been
already demonstrated on solid surfaces’>* ™' the morphology
spectrum is significantly enriched with the implementation of
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LMCat thanks to their distinct growth mechanism.”*%* Overall,
it has been observed that graphene flakes grown on molten
substrates predominantly present
shapes.*>”*

Similar to the factors affecting graphene size, flake mor-
phology depends on the diffusion rate of carbon adatoms on
the surface around the edges and the carbon adsorption
rate.”°® When the diffusion rate on the surface is relatively
slow, carbon adatoms have adequate time to find an energeti-
cally favourable position across the nuclei edges resulting in
symmetric and compact flakes. On the other hand, when the
diffusion is fast, dendritic structures develop. This behaviour
was predicted by kinetic Monte Carlo simulations.”
Furthermore, a variety of graphene morphologies from
compact to highly dendritic snow-like shapes have been
observed on molten Cu (Fig. 5a-1).>”°” This degree of shape
control can be achieved through precise tuning of growth
parameters.®** %" By adjusting the partial pressure of the
precursor gases one can affect all the intermediate steps of the

extremely symmetric

800/20
800750

Fig. 5 SEM images of GFs grown on a liquid Cu surface with different shapes formed by varying the Ar: H; ratio (a—1). Reprinted with permission
from Springer Nature, NPG Asia Materials’* (self-organized graphene crystal patterns, B. Wu et al., 2013). Formation of tips in hexagonal graphene
grains by incremental additions to the CH, flow (m-r). Reprinted with permission from ref. 75. Copyright 2014 Wiley-VCHd. All scale bars are 5 pm.
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growth process, such as the decomposition of the hydrocarbon
source as well as the deposition and diffusion of carbon
atoms. Different morphologies of graphene flakes can be accu-
rately tailored by tweaking the ratio of Ar:H,, which leads to
precisely tuned graphene edges alternating between negative
or positive curvature.” By regulating the composition of pre-
cursor gases, the diffusion rate of carbon adatoms on the
surface can be affected and thus, the shape mechanism men-
tioned above has been confirmed. Particularly, higher ratios of
Ar:H, resulted in symmetric dendritic structures while
decreased ratios resulted in more compact configurations.
Furthermore, by precisely controlling the flow rate of CH, and
the total growth time, single crystal 12-pointed graphene flakes
were grown (Fig. 5m-r).”> This exotic morphology can be
obtained by generating additional pins along the six sides of
the hexagonal flake. These pins can be gradually added to the
hexagon by incremental additions in the methane flux.

2.2. Other catalysts for graphene growth

The increasing demand for high quality CVD monolayer gra-
phene has resulted in the increase of the use of copper as the
catalyst of choice due to its low carbon solubility and self-limit-
ing attributes. As mentioned earlier, the idea of using copper
in the molten state has opened up a new window for graphene
synthesis. Attempts to use other liquid metal catalysts other
than copper have also been made and are reviewed below.
2.2.1. Gallium. Decreasing the growth temperature of gra-
phene is regarded as a key point for reducing CVD production
cost and promoting practical applications.®*'°*> This has led to
the exploration of low-melting point metals such as gallium
(Ga) for graphene CVD growth.'®'°® Liquid Ga offers a very
wide range of melting temperatures and low vapour pressure
and possesses good catalytic graphitization ability for various
types of precursors. Preliminary reports for few-layer graphene
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> >
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W Recycling

Graphene on SiO,
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growth on liquid Ga'®™*”” employed an amorphous carbon
film as the carbon source.'®'°*%% By covering the surface of
liquid Ga with the film, catalytic graphitization at the interface
was observed at ~1000 °C. Even though the properties of gra-
phene films were not optimal, the catalytic capabilities of
molten gallium were thus demonstrated. Further insight into
the catalytic graphitization mechanisms of molten Ga was
shown by in situ TEM with the use of single-walled carbon
nanotubes (SWCNT).'** Further attempts to grow graphene on
liquid Ga supported by a W foil by employing ambient-
pressure CVD (APCVD), led to the growth of uniform mono-
layer graphene.'®® The graphene film produced was found to
contain a small density of defects, as shown by Raman spec-
troscopy, and high carrier mobility.'®® Furthermore, the recycl-
ability of the W substrate without any reduction in quality has
been displayed which could lead to diminishing costs for large
scale graphene production (Fig. 6a). The low melting point of
Ga allowed for the investigation of graphene growth at very low
temperatures by introducing a two-step CVD strategy.'®® At
first, a high temperature (>1050 °C) was employed for the for-
mation of graphene nuclei but it was not necessary to stay at
that temperature for their subsequent expansion and growth.
This permitted the production of graphene films at low temp-
eratures and on substrates otherwise not suitable for graphene
growth (Fig. 6b-d).

2.2.2. Other liquid metal substrates. Early efforts for gra-
phene growth on molten metals required carbon dissolution
into the bulk.''® Molten nickel and copper were used as
matrices for the dissolution of a superfluous carbon source
which precipitated as single-layer or few-layer graphene films
on the surface of the re-solidified metals. The graphene films
fabricated by this process exhibited nonuniform thickness and
low crystallinity in those early studies,'®*'%*!°%11% nogsibly
due to the presence of superfluous carbon and the lack of con-
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Fig. 6 Schematic illustration of graphene growth over liquid Ga supported on a W substrate involving: (i) a droplet of Ga on a W support foil, (ii)
CVD growth of graphene on liquid Ga, (iii) coating of the as-grown graphene with PMMA, (iv) separation of PMMA coated graphene from the W foil
by H, bubbles produced at the interface, (v) transfer of graphene onto a SiO,/Si substrate with (vi) reusability of the W foil. Reprinted with permission
from Springer Nature, Scientific Reports'®® (high-mobility graphene on liquid p-block elements by ultra-low-loss CVD growth, J. Wang et al., 2013).
(b) Schematic illustration of the experimental pathways for low-temperature graphene growth. (c) Illustration of the growth mechanism for graphene
nuclei generation and film growth. (d) Optical images of fully covered sapphire and polycarbonate substrates with graphene film. Reprinted with per-
mission from Springer Nature, Scientific Reports!®® (near room temperature chemical vapour deposition of graphene with diluted methane and
molten gallium catalyst, J. Fujita et al., 2017).
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trollability of the kinetic factors and CVD reaction steps. As the
growth mechanisms were increasingly understood, other
attempts for liquid metal substrates other than Cu and Ga
have been explored. These included nickel (Ni), indium (In),
and tin (Sn) as well as different alloying combinations.®®*!
Their catalytic graphitization capabilities for CVD graphene
were demonstrated by controlling the layer number via pro-
longed deposition times and the film crystallinity by tuning
the H, flow. It is interesting to add that ultra-fast growth of
continuous mono- or bi-layer graphene was observed in these
cases, which was attributed to the rapid movement of carbon
atoms on the thermally activated liquid surfaces. These find-
ings offer a guideline for future work, however, uniformity of
thickness and quality (reduced defect density, continuity) of
produced graphene films still need additional optimization.
Further alloying of liquid Ga with iron-group metals (Fe, Co,
Ni) has also been tested which led to the formation of a chemi-
cally stable antiperovskite layer''* that acted as a carbon
barrier to seal the pathway of carbon segregation from the
bulk throughout cooling (Fig. 7a-c). By taking Ga-Ni alloy as
an example, the comparison of X-ray diffraction (XRD) dia-
grams prior and post CVD growth confirmed the creation of
the antiperovskite layer GaCNi;. By tuning the foil thickness
(25-1000 pm), full surface coverage of large scale and uniform
monolayer graphene was achieved. Other variations in experi-
mental parameters that allowed better control of the CVD
process were also analyzed. X-ray photoelectron spectroscopy
(XPS) depth profiling indicated a carbon component gradient
from the surface to subsurface, which confirms the sealing
ability of the antiperovskite layer.

Liquid Ni droplets were also used as a way for obtaining
monolayer graphene.'*® The liquid droplets were attained at
a lower-than-normal growth temperature by incorporating Ni
films with nanoscale thickness due to the melting point
depression."™* By reducing the droplet size, the amount
of dissolved carbon was subsequently decreased hence
enabling controlled growth of single-layer graphene. Further
controlled growth of uniform monolayer graphene at lower
temperatures was done by employing liquid Ga-Cu alloy.®*
Liquid Ga with its very low melting point and good catalytic
properties and Cu as a surface tension reduction agent that
enhanced the spreading ability of Ga, were employed for
synthesizing large-area monolayer graphene at a lower-than-
normal temperature of 800 °C. This work also indicated that
the growth of monolayer graphene requires at least 45-70%
of Ga in the alloy in order for the liquid state to be main-
tained (Fig. 7d).

2.2.3. Glass. Metals, mostly in the solid phase, are widely
used as substrates for CVD graphene due to their ability to cat-
alyse the process leading to faster growth rates and better
quality. On the other hand, graphene for various applications
needs to be transferred to an appropriate substrate. For that
reason, efforts for growth directly on insulating substrates have
indeed been made but their low catalytic activity and slow
diffusion of carbon species lead to very slow growth rates and
in certain cases it can take hours to cover a substrate of wafer

This journal is © The Royal Society of Chemistry 2021
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scale size with a continuous film. With the incorporation of
molten substrates, the properties of metals were improved
even further owing to their smooth and defect free surface.
Inevitably, the likelihood of growing graphene on insulating
substrates in their liquid form was also examined. Thermally
accelerated surface migration of species and uniform nuclea-
tion give the possibility of reaching unprecedented levels of
direct growth on application-ready substrates, thus reducing
the cost enormously for industrial assimilation. Upon this
context, soda-lime glass has been selected as a catalyst
because of its relatively low softening point (~620 °C)
(Fig. 7e)."*® By taking the glass to a molten state above the soft-
ening point, allows for the fast formation of uniformly distrib-
uted graphene disks, as well as continuous graphene films
with prolonged precursor feed. As mentioned above, it takes
several hours to get a uniform graphene film to cover the
whole wafer of the insulating substrate, (soda-lime or SiO,).
Notwithstanding slow growth, the employment of molten glass
as the liquid substrate offers an isotropic surface without high-
energy sites such as defects, kinks and rough points, allowing
homogeneous nucleation. The fluidity of the molten glass also
provides a higher diffusion rate of carbon species, leading to a
faster growth rate of individual graphene flakes. The potential
of making graphene coated glasses in a single step can propel
industrial glass production into unforeseen commercialization
through thermo-chromic displays, defogging devices, liquid
crystal technologies and even cell proliferation for tissue
engineering to name a few applications.

As presented above, the emergence of liquid catalysts has
created a revolution in the field of graphene growth. Different
liquid catalysts have been employed, displaying high effective-
ness in growing high-quality monolayer graphene. In
summary, in Table 1, an overview of graphene growth on
different liquid metal catalytic substrates is presented along
with critical parameters for each growth process.

3. Growth of other 2DMs on liquid
metal catalysts

Beyond graphene, notable efforts have been realized in the
controllable growth of other 2D materials due to the
implementation of LMCat. These include h-BN,"'® transition
metal dichalcogenides (TMDs),""” MXenes''®''® and even 2D
heterostructures.'*>**' Apart from functioning as catalytic sub-
strates, LMCat can also facilitate the growth of 2D materials on
a variety of surfaces such as non-metals by percolation of the
reaction path. For 2D materials, such as transition metal
oxides (TMO), which are hard to synthesize in CVD systems,
other routes involving LMCat have been explored'** but these
lie outside the scope of the present review.

3.1. Hexagonal boron nitride (h-BN)

Due to its large bandgap of ~6 eV and atomically smooth
nature,'*® h-BN is considered as one of the most ideal plat-
forms for electronics that exhibit advanced performance and
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Fig. 7 (a) Schematic illustration of the growth process for uniform monolayer graphene on a Ni—Ga alloy. (b) XRD diffractograms of the Ni—Ga alloy

pre- and post-growth. (c) Photograph of the uniform graphene film after its

transfer onto SiO,/Si. Reprinted with permission from ref. 112. Copyright

2015 American Chemical Society. (d) Typical optical microscopy images of graphene films grown on Ga—Cu alloy with illustrated respective Ga con-
centrations. Reprinted from ref. 82. Copyright 2016, with permission from Elsevier. (e) Schematic of graphene growth on molten glass along with a
photograph of an as-grown graphene glass plate. Morphology evolution of graphene under different synthetic conditions as characterized by SEM
and OM images (insets). Scale bars: 5 ym. Reprinted with permission from ref. 115. Copyright 2015 Wiley-VCHd.

stability."**'*> The characteristic resistance to oxidation and
corrosion makes h-BN a suitable candidate as a gate dielectric
and capping layer to safeguard active materials and devices
from structural deformation and chemical degradation.'”®

3356 | Nanoscale, 2021, 13, 3346-3373

Thus, substantial efforts have been focused on the fabrication
of high-quality h-BN films for industrial-scale use.'*”*?3
Although clear progress has been made in the growth of
single-crystal h-BN by CVD on solid catalysts,"*>'*° the

This journal is © The Royal Society of Chemistry 2021
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Table 1 Overview of growth conditions and the resulting physical characteristics for monolayer graphene grown on liquid metal catalytic

substrates
Growth conditions Quality
Catalytic
substrate Temperature [°C] Pressure [bar] Time [min] Size [pm] Raman Electrical Ref.
Cu 1100-1120 ~0.05x10™°  20-120 10-50 L/l = 2.5-4, 1000-2500 cm* V' s™! 42
FWHM,, = 35-40
1160 1 30 3-15 Lpllg = 3-5 500-3500 cm®V 's™! 43
1070-1090 20@1070 °C 40-50 — 607-642 Q sq.”, 46
3@1090 °C 4489 cm* Vst
1086-1120 2 2600 Lpllg > 2 1000-8000 cm? V' s™! 47
Ga 1000 5x107° 30 100-300 length, Ip/lg > 0.85 — 103
50 width
700 5x107° 30 — Ip/lg > 1 — 108
1020 1 10-60 7-20 Is/Lp = 0.4-0.5, 7400 cm? Vst 109
FWHM,p, < 36.5
700-1100 0.5-30 Continuous film Ip/lg = 0-1.5, Lp/Ig = 0.7-3, — 111
FWHMg = 21-70
Ni (droplets) 1000 10 1 Io/Lp > 2, In/lg ~ 0.1, 100 Q sq.”" 113
FWHM,, < 55
Glass 500-750 0.02x 107 60-180 Continuous film Few layer, Ip/Ig = 1.4-1.6 1-3 kQ sq.”" 116
Cu-Ga 800 1 3-60 Continuous film Lpllg = 2.1, In/Ig = 0.09, — 114
(20%-100%) FWHM,p, = 41.6
In 1000 30 Continuous film Ip/lg = 0.3 — 111
(1-2 layers)
Sn 1000 60 Continuous film Ip/lg=1 —
In-Cu 1100 5 Continuous film Ip/lg =0.2 —
(1-2 layers)
Sn-Ni 1000 30 — Graphite —
Sn-Ag-Cu 1000 60 Continuous film  Ip/Ig = 0.55 —

inherent difficulties arising from the use of SMCat, such as
grain boundaries and surface defects, deteriorate the quality of
the grown material. For that reason, h-BN grown on liquid
metal catalysts is also being investigated systematically.
Implementation of liquid metal substrates and alloys as cata-
lysts was an unconventional method used to facilitate the CVD
growth of bulk h-BN and provide an alternative for sating the
technological interest."*' However, the first attempt for the
controllable synthesis of h-BN on LMCat was with the aid of
molten Cu by ambient pressure CVD, resulting in self-aligned
h-BN single-crystal array (SASCA)."**> Additionally, the shape of
the h-BN grains was precisely engineered and was transformed
from hexagonal to round-shape with alternately B-terminated
and N-terminated edge configuration (Fig. 8a-c). The clear
advantages of liquid Cu in comparison to solid for the growth
of h-BN was further demonstrated.'** In the case of liquid Cu,
mono- and bi-layered single crystalline h-BN sheets of several
microns were readily prepared, in contrast to the polycrystal-
line and mixed multi-layered h-BN yielded by the solid Cu.
This dramatic improvement was attributed to the reduction
and uniform distribution of nucleation sites on the smoothed
surface of liquid Cu, which has also been found to be critical
for the CVD synthesis of large single crystalline graphene.?”*3*
Furthermore, h-BN self-assembled hierarchical superstructures
were presented as a window to controlled building blocks for
device engineering."*> The grown super-ordered structure
could be easily detached from the underlying h-BN monolayer
film by a typical Scotch tape method (Fig. 8d-f). Lastly, wafer-
scale h-BN was successfully synthesized on liquid Au.'*® The

This journal is © The Royal Society of Chemistry 2021

low solubility of B and N atoms in liquid Au ensures a high
surface area rather than bulk diffusion at high temperatures,
to prompt circular h-BN domains. These domains further
evolve into closely packed grains by self-collimation of B and N
edges via electrostatic interactions (Fig. 8g). The highly fluent
and smooth surface of liquid Au allows for the self-alignment
of the h-BN grains. Finally, by tuning the growth time and pre-
cursor flow rate, wafer-scale production was achieved. It is
evident that better understanding of these growth procedures
will accelerate the fabrication of devices, engineered on-
demand.

3.2. Transition metal dichalcogenides (TMDs)

Even though graphene is considered as a material that exhi-
bits excellent properties over a broad spectrum, there are cer-
tainly specific drawbacks that limit its functionality for
certain applications. For example, as a zero-bandgap semi-
conductor, it is not suitable for transistors and other elec-
tronic applications. Therefore, contemplating the limitations
exhibited by graphene, research has shifted to tunable
bandgap semiconductors, namely TMDs, that can also be
directly grown on insulating substrates eliminating sub-
sequent transfer steps.’?”"'® Recently, liquid catalysts were
introduced in the CVD growth of TMDs'*"'** which extended
the spectrum of self-limited growth behaviour of 2D
materials. The smooth isotropic surface, fast diffusion rate
and chemical inertness of the liquid insulated substrates
make them suitable to grow various 2D materials from pre-
cursors that can induce corrosion.

Nanoscale, 2021,13, 3346-3373 | 3357
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(a) SEM image of the circular h-BN domain grown on a liquid Cu surface. (b) SEM image shows the h-BN SASCA with circular h-BN domains

on the edges. (c) SEM image of the h-BN SASCA with snowflakes visualized by the surplus growth. The boundaries are distinguished by white dotted
lines. Reprinted with permission from ref. 132. Copyright 2015 Wiley-VCHd. (d, e) Optical and SEM images of large-area hierarchical h-BN super-
ordered structures composed of the underlying monolayer h-BN film with stitched hexagonal BN domains and top branched few-layer h-BN crys-
tals. (f) Optical image of the transferred h-BN film onto the SiO,/Si substrate. Inset displays the Raman spectra of the as-marked areas. Reprinted
with permission from ref. 134. Copyright 2018 Wiley-VCHd. (g) Schematic illustration for the growth of the self-collimated hBN film by means of cir-
cular hBN grains with a rotation invoked by the attractive Coulomb interaction of B and N edges. Photograph of a wafer-scale SC-hBN film trans-

ferred on a SiO,/Si wafer. Reprinted with permission from ref. 135. Copyright 2018, Science.

Based on molten glass, the growth of a series of monolayer
TMDs 5143141 hag been successfully accomplished. The
employment of liquid glass was found to provide several
advantages, not only in terms of increased size (Fig. 9b), but
also of fast growth rate. A drastically reduced nucleation
density paired with high precursor feed and thus increased
growth rate, compared to conventional insulating substrates,
are due to the rapid growth mechanism. High-energy sites
such as defects and ripples are not present and thus the
growth of large-sized single crystal TMDs is facilitated. Also,
synthesis on liquid glass exhibited more than 12 times higher
mobility at room-temperature than that on c-sapphire, which
could offer even better electrical performance for potential

3358 | Nanoscale, 2021,13, 3346-3373

electronic applications."** Furthermore, the liquid metal

vapour assisted growth strategy can be exploited to achieve
self-limited growth of 2D materials on the substrate of choice.
This was demonstrated with the preparation of single-layer
WSe, crystals by the Cu-assisted self-limited growth (CASLG)
method."* Generally, layer accumulation and size expansion
coexist during the CVD growth process, which is the main
cause for the formation of undesirable multi-layered struc-
tures.'*® However, TMD single crystals in spite of their
complex atom configurations, still form regular shapes'*"'*?
when growing on liquid metal or insulating substrates. This is
due to the substantial energy difference of the different edge
terminations, the ratio between chalcogen and transition

This journal is © The Royal Society of Chemistry 2021
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(a) Schematic illustrating the CVD process for the synthesis of MoSe; crystals on molten glass. (b) Optical microscopy (OM) image of MoSe,

crystals grown on molten glass. (c) AFM height image of MoSe; crystals. Reprinted with permission from ref. 137. Copyright 2017 American Chemical
Society. (d) Schematic of the CVD setup for Cu-vapour assisted growth. (e) Self-limited growth of uniform WSe, on insulated substrates assisted by
liquid metal vapour. Optical and AFM images as well as PL mapping of the uniform monolayer WSe,. Reprinted with permission from ref. 145.

Copyright 2016 Wiley-VCHd.

metal atoms, and the innate sandwich structure of the
TMDs.'"” Consequently, up to now, self-assembly of TMD
single crystals on LMCat has not been reported as in the cases
of graphene and h-BN. This happens primarily because many
liquid metals (such as liquid Cu, Ga) are easily corroded by the
chalcogenide precursor, which limits the preparation of TMDs.
Additionally, the crystal shape (e.g. triangle) of many TMDs
inhibits their consolidation on the liquid surface to form a
continuous crystalline film."**> The precise design of anticorro-
sion liquid metal substrates and shape engineering will be the
key factors in overcoming this barrier facilitating growth by
self-assembly on LMCat.

3.3. MXenes

Recently, the collection of 2D materials has been augmented
by a new, and potentially quite large, group of early transition
metal carbides and carbonitrides labelled MXenes."'® The
rich chemistries and unique morphologies of MXenes, in
addition to their excellent conductivities, render them strong
candidates for many applications that range from sensors and

This journal is © The Royal Society of Chemistry 2021

electronic device materials to catalysts in the chemical indus-
try, conductive reinforcement additives to polymers and
electrochemical energy storage materials, among many
others. Current synthetic trends for MXenes comprise of
etching out of the A layers from MAX phases."**'**> This
method yields small crystal sizes, non-uniform thicknesses
and suffers from an abundance of structural defects. For that
reason, recently, CVD on LMCat has been proposed as a way
of controlling the growth of MXenes. Liquid catalysts have
dual functionality in the growth of MXenes in a CVD process.
Initially, they act as diffusion media for the atoms segregating
from the transition metal substrate that holds the LMCat, to
the surface. By this segregation, the catalyst is now trans-
formed into a liquid metal alloy, which in turn, can partake
in the growth reactions and enable material homogeneity.
The ultra-smooth surface of the molten alloy permits pre-
cisely engineered nucleation and growth. In fact, large-area
high-quality 2D ultrathin a-Mo,C crystals were fabricated on
liquid Cu placed on top of Mo foil, by using this method."*®
The high growth temperature allows the melting of Cu and a
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Mo-Cu alloy to be formed at the liquid Cu/Mo interface.
Successively, Mo atoms diffuse from the bulk to the surface
of the liquid Cu to form high-quality Mo,C crystals by react-
ing with the atoms from the decomposition of the carbon
precursor (CH,). By tweaking the growth conditions, (e.g. flow
rate of CH, or growth time) the thickness and morphology of
Mo,C crystals could be precisely controlled (Fig. 10a-f).
Furthermore, 2D characteristics of superconducting tran-
sitions that were consistent with Berezinskii-Kosterlitz—
Thouless behaviour were observed"**'*® and displayed strong
anisotropy with magnetic field orientation. By substituting
Mo with W or Ta as the supporting substrate, 2D WC or TaC

View Article Online
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crystals respectively (Fig. 10g and h), were also readily pre-
pared on the liquid Cu surface, demonstrating the versatility
of the method. Shape and thickness engineering of Mo,C was
further exhibited by precisely tuning CVD growth
conditions.”">* The flow rate of the carbon source was
found to play a crucial role in morphology evolution.
Rectangular, pentagonal and flower-like Mo,C crystals were
consecutively grown by gradually increasing the flow rate.
Additionally, the thickness of the Mo,C crystal can be altered
from several hundred to a few nanometres by adjusting the
thickness of the Cu catalytic layer. It has been observed that
the nucleation can be largely suppressed and hence lead to

Fig. 10 Optical images of 2D a-Mo,C crystals with various shapes. (a) Triangle, (b) rectangle, (c) hexagon, (d) octagon, () nonagon, and (f) dodeca-
gon. All the scale bars are 10 pm. Optical images of 2D (g) WC crystals, (h) TaC crystals. Reprinted with permission from Springer Nature, Nature
Materials*® (large-area high-quality 2D ultrathin Mo,C superconducting crystals, C. Xu et al., 2015).
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large-sized crystallites, all while the growth rate being much
higher due to the uniformity of the surface. To elucidate the
mechanism of shape variation in Mo,C crystals, a diffusion-
limited growth mechanism has been proposed, where the
competition between carbon adatom diffusion along island
edges and surfaces determines the final kinetically controlled
morphologies.

3.4. Heterostructures

The overwhelming list of 2D materials offers a platform from
which one can select material systems of desired functional-
ity.'">* Furthermore, by constructing heterostructures with
these materials, we can engineer further -on demand- the
combination of properties we need.’*! To gain access to the
full range of these properties, the assembly of 2D hetero-
structures must be processed in a controllable manner.
Generally, the fabrication of vertical heterostructures refers to
multiple mechanical exfoliations with layer-by-layer transfer.
This method suffers from very low yield and is incredibly
prone to interfacial contamination."**'*® For that reason, CVD
is a widely used technique to achieve larger scale hetero-
structures. The development of a direct one-step synthesis for
2D heterostructures is a significant milestone with many tech-
nological prospects. Furthermore, employing LMCat for the
growth of these material combinations can potentially facili-
tate faster growth and better quality. By utilizing the same
carbon source and liquid catalyst, the first attempts in the one-
step synthesis of 2D heterostructures were made for Mo,C and
graphene.

Several groups have reported almost simultaneously
the successful growth of vertical Mo,C/graphene hetero-
structures.’>>'°°1% By tuning the growth parameters, one
can grow either one of the materials of the assembly first
(Fig. 11). Moreover, Mo,C/graphene heterostructures were
grown on other liquid substrates such as Au'®" or engineered
metal alloys for better control of the growth process.'®> All
the above studies further demonstrate the level of precision
the liquid metals confer to the CVD growth of large-area and
high-quality heterostructures. Furthermore, LMCat can also
be harnessed to assemble lateral heterostructures, where the
different 2D material domains are within the same plane,
exhibiting atomic interfaces. Simultaneous segregation of W
and C atoms in liquid Ga resulted in an in-plane WC-gra-
phene heterostructure.’®® Additionally, h-BN-graphene 2D
lateral heterostructures have been successfully synthesized by
either etching graphene and creating h-BN in the etched
spots to form a core shell,'®* or by interrupting the growth of
graphene and let h-BN fill the spaces in between.'®® 1t is
found that the subsequent growth of the h-BN is templated
by the inner graphene, resulting in morphology engineering
of the h-BN by adjusting the CVD conditions (Fig. 11f). For
the core-shell arrays, initially graphene has been grown on
liquid Cu with high uniformity thanks to the self-assembly
mechanism. Afterwards, the h-BN precursor was adsorbed on
the graphene film in a self-symmetrical way, which was then
followed by in situ etching of graphene and substitution with

This journal is © The Royal Society of Chemistry 2021
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h-BN. This way, h-BN-graphene shells were distributed in a
periodic manner.

As mentioned earlier, chalcogenide atoms can corrode
most common liquid metal substrates easily."®® For that
reason, corrosion resistant metals or careful alloying must be
selected to design chalcogenide-resistant substrates.
Consequently, the most promising candidate for CVD TMD
growth on LMCat is liquid Au, due to being inert and not
bonding with these atoms. Interestingly, the twinned assembly
of ReS,/WS, was observed (Fig. 11a-c).'** Liquid Au was
chosen as the liquid medium to dissolve the Re and W, which
lowers the barrier energies for this special linked assembly
process. This occurs because the adsorption energy of W
atoms over Au (111) is much stronger than that of Re atoms.
On the other hand, Re atoms adsorb very efficiently on WS,
(001), which leads to the nucleation and twinned assembly of
ReS, on the as-grown WS,."*" Complete overlap for each of the
stacked TMD structures is achieved, as confirmed by the clear
Moiré pattern and Raman mappings. The simplicity of the
process may be expanded to construct other vertically corre-
lated 2D heterostructures. An attempt in substrate engineering
for TMDs incorporated in heterostructures was done with a
Ni-Ga alloy for the synthesis of TMD/h-BN heterostructures."®”
A large area MoS, single crystal was directly grown on the h-BN
film. The direct band gap of the MoS, on h-BN grown on Ni-
Ga alloy is 1.85 eV which is consistent with that for the
mechanically exfoliated material.'®®

The use of liquid catalysts for graphene growth has recently
been expanded to encompass the growth of other 2D materials
as well. Different liquid catalysts have been employed, display-
ing high effectiveness in growing high-quality monolayer 2D
materials. In Table 2, a summary of 2D material growth other
than graphene on various liquid metal catalytic substrates is
presented.

4. In situ characterization of
graphene growth on liquid metals

CVD is a multiparameter process involving reactions and
mechanisms that happen almost spontaneously. Overall,
great progress has been made in the CVD production of gra-
phene and other 2D materials. As highlighted above, CVD
distinctively fulfils an application-driven demand for large-
area, continuous and defect-free 2D films.'®® Efforts for
industrial standardization of these materials are ongoing, but
with atomically thin films going from centimetre to metre
dimensions, there is evidently a need for the development of
large-area characterization. Specifically, the development of
in situ characterization tools should allow better handling of
graphene growth and consolidation that will undoubtedly
lead to 2D films of better quality.>® To tackle this substantial
challenge, considerable efforts have been made towards the
development of in situ metrology that provides direct atomic-
scale insights into reaction procedures under real time
conditions.
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Fig. 11 (a) Schematic illustration of the twinned assembly of ReS,/WS, heterostructures and representative optical microscopy and Raman mapping
results. (b) Low-magnification TEM image of the ReS,/WS, twinned vertical heterostructures. (c) High-resolution TEM image showing the resulting
Moiré pattern. Reprinted with permission from Springer Nature, Nature Communications'? (twinned growth behaviour of two-dimensional
materials, T. Zhang et al., 2016). (d) Raman mapping of the 2D peak intensity for h-BN—graphene core-shell. (¢) Raman mapping of the E»4 peak
intensity for the h-BN core area. Reprinted with permission from ref. 164. Copyright 2017 American Chemical Society. (f) Shape evolution of the
three kinds of graphene-h-BN flakes. Shape evolution of hexagonal, concave and flower-like G-h-BN flakes, respectively. All scale bars are 1 pm.
Reprinted with permission from Springer Nature, Science China Materials'®® (in situ epitaxial engineering of graphene and the h-BN lateral hetero-
structure with a tunable morphology comprising h-BN domains, D. Geng et al., 2019). (g) Illustration of Mo,C/graphene heterostructure growth
under low and high flow rates of CH,4. Reprinted with permission from ref. 151. Copyright 2017 Wiley-VCHd.

4.1. Spectroscopic characterization been employed to investigate a range of structural, physical

and chemical properties. As a very versatile technique that can

Spectroscopy studies the interaction between electromagnetic
radiation and matter. These interactions can vary from inelas-
tic and elastic scattering to absorption, photoemission and
decay. When used for the characterization of 2DMs, one can
extract an enormous quantity of information and monitor in
certain cases the growth process.

Raman spectroscopy for example stands as a quick and
non-destructive method in materials characterization and has

3362 | Nanoscale, 2021,13, 3346-3373

be used to analyse the electronic band structure, phonon
energy dispersion and electron-phonon interactions, it has
been established as the benchmark method for the study
2D materials.””® The Raman peak positions, intensities
and full widths at half maxima (FWHM) can directly indicate
the layer number,'”" crystalline orientation,"”” stacking con-
figuration,'”® defect nature'’*'”> and applied strain.*>'7%*"*
Hence, it constitutes an indispensable characterization tool to

This journal is © The Royal Society of Chemistry 2021
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Table 2 Overview of growth conditions and the resulting physical characteristics for other 2D materials and related heterostructures grown on

liquid metal catalysts

Growth conditions

Catalytic Pressure
2D material ~ substrate Temperature [°C] [bar] Time [min] Quality Ref.
hBN Ni (Ni-Mo) 1200-1500 1 720 Bulk 131
Cu 1100 30 1 layer, no current leakage 132
1100 40 1-10 layers 133
Au 1100 4.4x107° 90 14.5 pm grains, self-collimated wafer scale 147
single crystal
MoS, Glass 750 1 10 1 layer, 10 pm size 141
750 5-10 1 layer, 20-40 pm size 143
850-900 10 1 layer, >500 pm size, 24 cm® V™' s™" (RT), 144
84 cm’ Vs (20 K)
WS, 850 5-10 1 layer with bilayer regions, 20-40 pm size 143
WSe, Cu vapours, 800 10 1 layer, 5-20 pm size, 45 cm® V' s 145
SiO,/Si
a-Mo,C Cu/Mo 1086-1092 3-50 1-10 layer, 5-100 pm size, various shapes 148
wC Cu/W Ultrathin, high crystallinity
TaC Cu/Ta Ultrathin, high crystallinity
Mo,C Cu/Mo 1100 60 Low CH, flow, bulk 151
Mo,C/ 10-120 High CH, flow, 1-10-layer Mo,C on 1 layer
graphene graphene
1086 40 Vertical heterostructure, various coverage 156
ratios
1070-1090 0.1-10 Vertical heterostructure 157
>1085 5-60 158
1090 10-120 159
Cu-Sn/Mo 1000 9.3x107° 30 162
Au/Mo 1100 1 10-30 161
Graphene/ Cu 1100 1 5 for graphene Lateral heterostructure, high quality 165
hBN 5-8 for hBN continuous film
1100 0.5-1 for graphene, Lateral heterostructure, various 164
4-7 for hBN morphologies
Au 1100 4.4x107° 10 Vertical heterostructure 146
WS,/hBN 900 15
MoS,/hBN 850 10
Ni-Ga 1000 1 30 167
wcC/ Ga/W 980-1020 30 Lateral heterostructure 163
graphene
ReS,/WS, Au/W-Re 900 after 10 Twinned 1-layer ReS,/WS,, 15-40 pm size 142
annealing@1100

uncover the overall condition of 2DMs. Therefore, implemen-
tation of such a robust technique for the direct assurance of
quality in the produced 2D sheets by CVD could lead to ISO
validated growth recipes. However, employing characterization
tools in high-temperature environments, like CVD, is quite
challenging. In situ Raman spectroscopy falls into this category
due to the very intense blackbody radiation of thermal emis-
sions that masks the weak Raman signal. In order to overcome
this problem, several experimental solutions can be used: (i)
spatial filtering provided by confocal optics to block the back-
ground thermal radiation,'”® (ii) using laser sources with
shorter wavelengths to shift the Raman-scattered light further
away from the blackbody radiation spectrum,"”*'”* (iii) utiliz-
ing the anti-Stokes scattering signal, the intensity of which
becomes stronger at higher temperatures due to the higher
occupancy of 2DM vibrational states,"’” and (iv) manipulating
multi-photon approaches which can increase the efficiency
and consequently the intensity of the Raman signal signifi-
cantly.'”® Up until now, this has proven a daunting task and
only a few studies exist that attempted the exploration of gra-

This journal is © The Royal Society of Chemistry 2021

phene sheets with in situ Raman spectroscopy. For example,
in situ UV-Raman spectroscopy (405 nm) was used to detect
graphene growth at high temperatures and measure the
growth kinetics with 1 s temporal resolution at 800 °C on an
Ni substrate®® (Fig. 12e). Other efforts were focused on in situ
monitoring on the effect of external doping application,"”®%*
since Raman is the go-to chemically sensitive technique
capable of detecting molecules and chemical bonds, but this
was done post graphene growth. Supplementary to Raman,
in situ infrared spectroscopy has also been used for the identi-
fication of thermal emissions from graphene.'®>'8¢ These
studies report as high as 650 °C in temperature, which is still
much lower than typical temperatures for 2DM CVD growth.

A required step towards control and repeatability of 2D
growth is certainly by monitoring the thickness of the fabri-
cated material as it grows, since the layer number correlates
strongly with intrinsic properties. A method of observing the
thickness of graphene spectroscopically has been attempted by
in situ ellipsometry.'®” The benefit of this non-destructive and
nonintrusive optical characterization is that it can be applied

Nanoscale, 2021,13, 3346-3373 | 3363
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Fig. 12 (a) Time evolution of the C 1s peak region intensity during graphene growth. F and G mark the signals from precursor fragments and gra-

phene, respectively. Inset displays a LEED pattern after graphene growth. (b) Partial precursor pressure. Intensity of (c) fragment and (d) graphene C
1s signal. Dashed vertical lines indicate the start of the exposure to CsHg and graphene growth, respectively. Reproduced with permission from IOP
Publishing.*®® (e) Integrated Raman scattering intensity of the G-band measured in situ during graphene growth at 800 °C (20% C,H,) as a function
of time. Inset shows the time evolution of the G- and 2D-Raman bands of graphene measured in situ at 800 °C using an excitation wavelength of
404.5 nm with acquisition time 1 s. Reproduced with permission of The Royal Society of Chemistry.28 (f) Surface sensitive in situ XRD patterns of a
Fe/SiO,/Si sample during the different stages of the CVD process. Fe undergoes a thermally induced phase transformation upon heating to 940 °C.
Upon borazine exposure, isothermal h-BN growth is indicated by the appearance of a reflection at ~18°. For short borazine exposure the catalyst
phase stays predominantly y-Fe, while for extended borazine feeding the appearance of Fe-boride phases indicates B dissolution into Fe, and an iso-
thermal transformation of y-Fe to a-Fe is observed. The room temperature phase after CVD is almost fully a-Fe. Intensity is plotted on a log scale to
emphasize minority phases. Reprinted with permission from ref. 193. Copyright 2015 American Chemical Society.

to any substrate, either transparent or opaque, and monitor the
thickness of the grown 2D material. An analogous technique,
namely differential transmittance spectroscopy, was also per-
formed in situ to determine the growth evolution of MoS, on
sapphire.'®® The alterations in optical properties detected by
these tools during synthesis provide detailed evidence associ-
ated with growth kinetics. Additionally, the role of contami-
nation introduced into the CVD chamber was demonstrated by
in situ UV absorption spectroscopy,'®® further enhancing our
understanding on gas-phase dynamics of 2D growth.

Acquiring information about the atomic structure of the
growing 2D materials and surface phenomena, such as capil-
lary waves, is of paramount importance for the in situ quality
control and the understanding of interactions between the
flakes and the substrate. These effects can be investigated
using X-rays by X-ray reflectivity (XRR), grazing-incidence X-ray
diffraction (GIXD) and X-ray photoemission spectroscopy
(XPS). To that end, a series of in situ X-ray characterization
studies have been presented, to broaden our knowledge on the
key role of substrate engineering for perfect 2DM
growth,?%3149-1997195 The investigations include alloying, cata-
lyst doping, substrate crystallinity and atom dissolution capa-
bilities. Also, conducting growth under ultra-high vacuum
(UHV) conditions, allowed the incorporation of lower tempera-
tures for the observation of surface phenomena. By monitoring
the evolution of characteristic XPS peaks for the 2D materials
the starting and ending points of growth can be deduced, as
well as the precursor stability (Fig. 12a-d).'*® Furthermore,
XRD inspection highlights the importance of substrate tuning

3364 | Nanoscale, 2021,13, 3346-3373

for the controlled production of 2D sheets of variable thick-
ness and morphology (Fig. 12f). These measurements build on
the quest to rationalize catalyst design by exploiting the fore-
sight of in situ metrology.

4.2. Microscopic characterization

Microscopy is taking advantage of the principles of diffraction,
reflection or refraction of electromagnetic radiation or elec-
trons in order to provide imaging of a surface. By applying
real-time visualization tools during CVD growth of 2DMs, it is
possible to obtain insights into the process of nucleation and
growth and to monitor the kinetics of the catalytic reaction. A
great deal of effort has been devoted in this prominent rapidly
evolving field involving in situ optical microscopy,'*>">19%1%7
scanning tunnelling microscopy,'°®°" transmission electron
microscopy,”°>?%® scanning electron microscopy*® and low-
energy electron microscopy.”**>°® Incorporation of in situ
microscopy in LMCat related synthesis of 2D materials allows
identification of the key factors governing the growth of indi-
vidual flakes, their self-assembly, and further association into
a single layer with a coherent atomic structure (Fig. 13).
Furthermore, it can assist in the fine-tuning of the reaction
process which, in turn, could lead into the production of 2D
membranes of higher quality.

4.3. Reactor design for the in situ characterization of 2DM
growth on LMCat

At this moment, in situ characterization of 2DMs during CVD
growth regardless of the type of catalyst employed is at its

This journal is © The Royal Society of Chemistry 2021
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Fig. 13 Schematic illustration of graphene on Cu illuminated by light and the resulting (a) reflectance and (b) thermal radiation intensity. (c)
Reflection mode optical microscopy image obtained for graphene on Cu at 900 °C where roughness and grain boundaries of Cu are easily distin-
guished. (d) Rad-OM image obtained for graphene on Cu at 750 °C for the same area as (c). Scale bar is 50 mm. Reflection intensity of graphene is
hardly different from Cu due to the transparency of graphene. In contrast, the thermal radiation emitted from the graphene at high temperatures is
much larger than that from Cu owing to the significant difference in their emissivities. Reprinted with permission from Springer Nature, Nature
Communications®’ (radiation-mode optical microscopy on the growth of graphene, T. Terasawa et al., 2015). (e) Real time optical microscopy
images captured during a typical synthesis is given indicating the evolution of atomically thin WSe, crystals. t = 0 s marks the beginning of the
growth. Hexagonal monolayers grow larger as a function of time at a rate of ~0.2 um s™*. The white arrow indicates the monolayer expansion due to
the liquid precursor. Scale bar is 100 pm. Reproduced from ref. 192 with permission from The Royal Society of Chemistry. (f) In situ SEM images
recorded at 1000 °C during LP-CVD growth showing the nucleation and growth evolution of graphene. t* corresponds to the introduction of the
carbon precursor. Graphene sheets are characterized by the darker contrast. Grain boundaries in the copper foil are highlighted by green dotted
lines. Differences in contrast for different grains are due to electron channelling. The scale bar is 5 pm. Reprinted with permission from ref. 26.
Copyright 2015 American Chemical Society.

infancy. Commercial CVD systems normally incorporate
certain facilities, such as observation windows, fibre optic
entries etc. that could allow -albeit with further modification-
real-time observation of parameter-induced phenomena.
However, in order to develop standard in situ characterization
tools important changes to the design of the commercial reac-
tors are required so as to accommodate satellite characteriz-
ation equipment. One notable example of such an endeavour
is the recent development of a CVD reactor for the specific
purpose of investigating 2DMs on LMCat>® that integrates a
number of characterization tools such as Raman microscopy,
X-rays and optical microscopy. All these techniques can
operate simultaneously with the growth process (Fig. 14). To
this end, extensive prior simulations have been undertaken to
optimize the reactor’s inner design and gas flow pattern,

This journal is © The Royal Society of Chemistry 2021

resulting in a configuration of flow deflectors and nozzles that
eliminate copper vapour deposition on the observation
windows, therefore allowing the characterization to proceed
undisturbed during the experiment. Preliminary results from
the use of the reactor are very encouraging and demonstrate
successful real time monitoring and characterization of gra-
phene grown at temperatures around 1370 K.

5. Seamless transfer of 2DMs from
liquid substrates

Consideration must not only be given to growth and nuclea-
tion aspects, but interfacing is also crucial for device inte-
gration of these new materials.>®® For most applications,

Nanoscale, 2021,13, 3346-3373 | 3365
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(a) Schematic of the LMCat reactor showing its outer and inner cross section structure. The components are: 1. cylindrical X-ray window, 2.

optical probe, 3. X-Y-Z translation stage, 4. gas lines in/out of the reactor, 5. pressure gauge, 6. heater control unit with power input and thermo-
couple reading connections, 7. water cooling inlet, 8. gas inlet, 9. gas outlet, 10. flow deflectors, 11. objective lens, 12. optical window, 13. heater,
and 14. LMCat sample. The blue and green areas in the inner cross section are the optical and X-ray passages between the windows towards the
LMCat sample. (c) Gas flow pattern and velocity in m s, and copper vapour concentration in mol m™ near the optical window as a function of
window gas inlet (60 and 90 sccm respectively). (c) The effect of flow deflectors on the distribution of copper vapour in the reactor. The perform-
ance of flow deflectors is shown for the chamber without and with flow deflectors, respectively. The simulations were conducted under the same
conditions. Examples of in situ characterization of molten copper and graphene using the newly developed LMCat reactor: (d) in situ optical
microscopy of a graphene flake on molten copper at 1370 K, (e) in situ Raman spectroscopy at the indicated point (white cross) in (d), (f) in situ
grazing incident X-ray diffraction experiment (in-plane scan) on molten copper, related to in-plane atomic correlation length at the surface of the

molten phase. Reprinted with permission from ref. 25. Copyright 2020 AIP Publishing.

ranging from electronics and electromechanical devices to
sensors, it can in fact be the material interfaces that dictate
properties and overall functionality of a system.*'® Currently,
industrial assimilation of CVD synthesized 2D materials relies
substantially on the transfer of the as-grown films away from
the catalyst support onto a desired target substrate. Although a
variety of transfer techniques have been developed, including
roll-to-roll processes,”'" large-area transfer still remains highly
complex and typically introduces a variety of defects and a
certain degree of contamination from the process. Indeed,
CVD quality boils down to the quality of transfer, and although
some current transfer methods might be acceptable for sizes
up to a few cm, these lab methods are not suitable for indus-
trial use in the long term. Liquid metal substrates offer the
possibility of seamless and unperturbed transfer directly from
the growth phase to the substrate of choice. Due to the struc-
ture and fluidity of liquids, the grown materials can slide away
easily from the growth substrate and be deposited on the

3366 | Nanoscale, 2021,13, 3346-3373

application substrate without any intermediate steps that
could hamper the quality.

Thus far, only one advance has been made to this front and
it involves the controllable mechanical sliding of graphene syn-
thesized on low melting-point liquid metals (Fig. 15a and b).>"?
This breakthrough was inspired by the natural phenomenon of
a snail excreting mucus. When the growth substrate with the
grown graphene is ‘crawled’ against an appropriate target sub-
strate, the graphene is more likely to stick to the latter due to
the stronger interaction between them. This process is facili-
tated by substrates with good fluidity that can effortlessly realize
horizontal movement under a lateral push force and separate
from graphene, such as room-temperature liquid metals like
Ga, In and their alloys.'” The sliding transfer process consists
of a pressing stage, in order to induce firm contact of graphene
with the target substrate and a sliding stage, to detach the
target substrate-supported graphene system from the growth
substrate. The vital part of the process is to break the adhesion

This journal is © The Royal Society of Chemistry 2021
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(a) Sliding transfer method illustration and (b) photograph of the sliding transfer equipment. SEM image of the graphene (c) transferred

using the benchmark PMMA-assisted method and (d) obtained using the sliding transfer method. AFM image of graphene transferred to SiO,/Si from
the respective transfers, showcasing the clean and wrinkle-free attributes of the sliding method. (e) TEM images showcasing the low defect density
of the transferred graphene. (f) Photograph of the large-area graphene film transferred onto flexible and transparent EVA plastic with good electrical
conductivity. The colour maps are derived from Raman mapping results at the marked areas, indicating the uniformity of the transferred graphene.

Reprinted with permission from ref. 212. Copyright 2016 Wiley-VCHd.

of graphene from the liquid substrate, which exhibits loosened
metallic bonding, and conclude the transfer by applying a mod-
erate horizontal sliding force much smaller than the intrinsic
strength of graphene,” thus evading any damage. By compari-
son to the benchmark PMMA-assisted transfer technique, the
sliding transfer method offered increased cleanliness and
reduced cracks, or wrinkles deduced from the acquired TEM
and AFM images (Fig. 15c-e). Large-area graphene films trans-
ferred on flexible transparent ethylene-vinyl acetate (EVA)
plastic demonstrated good electrical conductivity owing to the
high-quality and residual-free features of the method. This
intermediary-free transfer technique of wafer-scale 2DMs at the
macro scale could be the bridge needed between their pro-
duction and industrial applications.

6. Outlook

In this review we highlight the recent progress in 2DM growth
on LMCat, which in conjunction with in situ characterization

This journal is © The Royal Society of Chemistry 2021

presents a viable and large-scale sustainable direction that has
the prospect of achieving defect-free 2D materials. Unlike solid
substrates with rich topography, liquid substrates offer an
ultra-smooth and fluent surface that enables controlled
growth, etching, self-assembly, and even facile delivery of the
produced materials. Moreover, the nucleation is considerably
reduced due to the absence of structural defects and grain
boundaries and this allows the growth of large sized 2D crys-
tals. Additionally, the fast diffusion rate of carbon/hydro-
carbon adatoms on the liquid substrate facilitates the fabrica-
tion of nanostructured patterns of 2DMs that is of great inter-
est towards the customization of final material properties.
Furthermore, when used in combination with in situ metrol-
ogy, one can obtain true insights into the growth mechanisms
and kinetics. Since the 2DM growth on LMCat is a quite new
field, a lot of work should be performed towards further
optimization and understanding of the process.
Two-dimensional materials (2DMs) are currently amongst
the most intensively studied classes of materials that hold
great promise for future applications in many technological

Nanoscale, 2021,13, 3346-3373 | 3367
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areas. The main hurdle against practical utilization of 2DMs is
the lack of effective mass production and transfer techniques
of high-quality 2DMs to satisfy the growing demands of scien-
tific and technological applications. The current state-of-the-
art synthesis method of 2DMs involves the adsorption of gas-
phase precursors on a solid catalyst. The produced 2DMs are
often defective, contaminated, and suffer from very high
residual stress, compromising their unique physio-chemical
properties. In contrast, as described in this review, experi-
mental and theoretical studies suggest that by using liquid
metal catalysts there are certain advantages regarding material
quality and production speed over solid metal catalysts.
Moreover, the much weaker bonding developed between a
liquid substrate and the grown 2DM, allows the facile separ-
ation of the grown 2DM from its substrate at elevated tempera-
tures and thus avoiding the development of residual stress
upon cooling to room temperature. Nevertheless, the use of
LMCat for 2DM CVD growth is still at its infancy and further
work and development is needed for the automation of the
whole process and in particular for roll-to roll growth, which
for monolayer graphene on solid copper, is the current indus-
trial norm. Overall, as presented here, we believe that LMCat
will play a vital role towards the next generation of 2DMs par-
ticularly in the areas of large monocrystal growth at high
growth rates and the obliteration of the residual stresses by the
facile separation —prior to cooling- of the 2DMs from their
substrate.
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