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Abstract

Metallic nanoparticles are highly reactive objects, often used for their catalytic
properties which strongly depend on their shape and morphology. Here we show
that controlling the wetting properties on a substrate enables one to control the
nanoparticle’s shape, prevent their coalescence and maximize their surface reac-
tivity. The highly ordered mesoporous carbon structures (Carbon Mesoporous
KAIST) are ideal to achieve such a control. The porous structures of the CMK
can be tuned during their synthesis and display convex and concave surfaces ca-
pable of modifying the wetting properties and the morphology of the nanoparti-
cles incorporated. R2.1 On a concave substrate, the nanoparticle tends
to spread on the surface of the substrate resulting in a platelet particle
shape, while on flat or convex ones the nanoparticle shows a limited
wetting behavior corresponding to a spherical shape. In addition, the
carbon enrichment of the metallic nanoparticles in contact with CMK plays a
key role in controlling their equilibrium morphology. This atomic scale study

allows us to better understand the interaction between metal nanoparticles and
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CMK in order to control their morphology and improve their reactivity.
Keywords: Supported nanoparticles, Monte Carlo simulations, Tight Binding,

carbon substrates, atomic-scale modeling

1. Introduction

In the last decades, transition metal nanoparticles (NP) have become essen-
tial for various applications such as hydrocarbon reforming|l], chemical pollu-
tant detectors[2], carbon nanotube (CNT) growth [3| 4], catalysis [5] and other
applications [6, [7]. In this context, adjusting the size and shape of particles re-
mains a challenge and is a crucial point since they can affect their performance as
reported for catalytic applications [8] 9] [10]. A shape change can either modify
the reactivity of particles by changing the ratio of coordinated /undercoordinated
surface atoms, or by changing the size of edges and facets [11} [10]. In the field of
hydrogen storage, NP chemisorption, which consists in dissociating dihydrogen
molecules at the surface or at interstitial positions inside a particle, is a good
candidate because a large amount of hydrogen atoms in a minimal host volume
can be stored[12]. In addition, the size reduction of NP allows forming hydrides
on different transition metals close to ambient pressure and temperature, with
an enhanced adsorption/desorption kinetics[9, [13] compared to the bulk coun-
terpart. Indeed, the size reduction tends to increase the hydrogen solubility
limit of a particle and decrease the enthalpy of hydride formation[14] [15]. Dur-
ing particle synthesis or in a catalytic reaction, atoms that are a part of the
feed or a part of substrate can be dissolved (such as C, H, O) into the par-
ticle. While heteroatoms as O and H can be desorbed at high temperature,
the carbon enrichment of the particle can exist and thus change its surface
electronic property[16] [17] and in turn modifies the catalytic reaction. It has
been shown that interstitial carbon atoms drive a selective hydrogenation of
alkynes molecules[18], [19], or significantly enhance hydrogen diffusion into the
particle[20}[21]. In all cases, one important limitation for chemisorption or other

catalytic process, is the thermal stability of NP catalysts which tend to coalesce.
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In this context, it has been revealed that highly ordered mesoporous carbons
CMK can be used as wetting substrate [22] with good performance for hydrogen
storage or molecule adsorption|23] [24] 25]. CMK materials consist of a network
of solid amorphous carbon cylinders (CMK-3) or empty carbon tubes (CMK-5),
connected together by amorphous C cylindrical bars. Because of the CMK large
porosity, gas molecules can be physisorbed at low temperature and controlled
by the CMK pore size distribution [26]. In addition, when decorated by metallic
NPs on their surface, CMK become interesting materials for chemisorption for
two main reasons. First, the high porosity and topology of CMK can minimize
the coalescence of the NPs, thanks to the large metal-carbon interaction and to
the confinement effect[27]. Secondly, chemisorption can be tailored by changing
the particle shape depending on the local curvature on the C structure which
are of two types: a convex one on the outer tube surface and a concave one on
the inner tube surface. It is interesting to note that both curvatures can be used
to modify the NP shapes. However, because CMK structures are complex, it is
difficult to get an insight in their role in the morphological control of catalysts.

A deeper understanding at the atomic scale is required.

In this work, the interaction between CMK and NPs is studied by computer
simulation in order to gain a better control of the morphology of the NPs and
thus improve their catalytic properties. Before addressing the problem in all its
complexity, we first focus on R1.2 pristine carbon structures such as graphene
and nanotubes, which have a flat surface (graphene) or convex/concave curva-
tures (CNT). R1.2 These two structures are used as perfect synthetic
carbon substrates in order to facilitate the understanding of the wet-
ting mechanisms of NP and emphasized the effect of the substrate
curvature. The CMK is then studied to see how the morphology of nanopar-
ticles can be influenced by their interaction with such R1.2 a more complex
and realistic substrate. An important outcome of these calculations is to show
that the carbon content inside the NP plays a crucial role by modifying the wet-

ting properties and making it possible to tune the energy of the interface between
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the CMK and the catalyst. Indeed, we demonstrate that the thermal energy
allows amorphous carbon atoms of CMKSs to be dissolved into the metallic cat-
alysts. This behavior was not observed for sp? carbon structures as graphene
or nanotubes due to the strong carbon binding energy. However, for amorphous
structures as CMK, a nanoparticle have a large enough solubility driving force
allowing the dissolution of sp carbon chains located at the surface of the CMK

structure.

In order to simulate these systems, we used a tight-binding (TB) potential,
which has proven efficient to accurately describe metal-carbon interactions for
relatively large systems (here Ni-C). R1.2 To describe the Ni-C system in
the TB formalism, only the s and p electrons of C and d electrons
of Ni are taken into account. Local densities of electronic states are
calculated using a recursion method, where the first four continued
fraction coefficients are calculated exactly. The set of C-C, Ni-Ni and
Ni-C TB interaction parameters used was shown to be transferable
to different atomic configurations by comparison with ab-initio calcu-
lations. In case of C-C interactions, parameters have been fitted to
reproduce the competition between sp, sp2 and sp3 bonds. Moreover,
our TB model reproduces the expected phase separation tendency for
the Ni-C alloy, with an enthalpy of mixing of +1.0 eV /atom for NiC
in the (metastable) rocksalt structure fitted to ab initio data. The
heat of solution of a C atom in a Ni matrix is then found equal to
+0.4 eV /atom, in agreement with the experimental and DFT values
(around +0.5 eV /atom). Details about the Ni-C TB potential and
the fitting procedure have been described elsewhere [28].

This TB potential is implemented into a Monte Carlo algorithm (MC) in canon-
ical (N¢,V,T) and grand canonical (uc,V,T) ensembles (GCMC). N is the
number of C atoms, pc the carbon chemical potential, V' the volume and T the
temperature of the system. Such an approach combining a TB model and MC

simulations is well suited to determine thermodynamic properties of Ni-C car-



90

95

100

105

110

bides. Applications of this model to the catalytic growth of graphene and carbon
tubes have already been presented [29]. Simulations are performed on three dif-
ferent carbon substrates: graphene, carbon nanotubes and CMK. The metallic
cluster used in simulations is a Wulff-shaped FCC NPs of few hundreds atoms
(201, 405 and 807 Ni atoms depending on simulations). To investigate
the wetting properties of metallic clusters on carbon substrates, the following
procedure has been established. We first perform grand canonical calculations
to simulate carbon dissolution in the catalyst. R.3 A serie a GCMC simula-
tions have been performed at T=1200K from a pure and isolated Ni
nanoparticles (201, 405 and 807 atoms) for a set of u. ranging from
-8 to -5 eV. These simulations allow to determine the Ni-C isotherms
and the equilibrium carbon concentration as a function of y.. Each
run consists in 10* MC cycles to reach the equilibrium, where a MC
cycle is defined as a displacement of each atoms of the structure. In
each cycle, we performed 2500 displacement steps per atom and 1000
attempts were made to incorporate or to remove dissolved carbon
atoms in the NP. Once the equilibrium is reached, a next 10* MC
cycles was performed in order to average the number of C atoms ab-
sorbed inside NPs. In a second step, we introduce a carbon substrate
(Gr, SWCNT, CMK) and we let the Ni-C NPs relaxed at T=2000K
during 103 MC cycles. The equilibrium shape a particle depending on
the substrate curvature is then determined by performing simulated
annealing. In this process the atomic configuration, initially at high
temperature (2000 K), is slowly cooled down to 300 K, to ensure that
the system is at any step as close as possible to the thermodynamic

equilibrium. Typical runs consist in 4.10° MC cycles.
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2. Results and discussion

2.1. Nanoparticles on a flat surface

Materials size reduction to the nanoscale has a strong impact on their prop-
erties as compared to their bulk counterpart. Indeed, below few nanometers,
nanoparticle properties mainly depend on their surfaces than their limited vol-
umes [30} [31]. NP surfaces are responsible to an energy cost due to underco-
ordinated atoms that drives coalesce effects. However, when a pure metallic
nanoparticle interacts with a carbon substrate, the covalent bonds formed be-
tween the p states of the carbon atoms and the valence d states of the metal
[30,32] induce a wetting behavior of the particle on the substrate corresponding
to a metal carbon interface. Particles are thus anchor to the substrate, limiting
their diffusion behaviors. Metallic particles (Ni, Co, Fe, Pd, ...) can also present
a carbon solubility that drive carbon atoms dissolution in interstitial positions in
subsurface layers of a particle. This carbon feedstock comes from NP surround-
ing environment (precursor or substrate), that modify metal-carbon interfacial
energy and in turn the wetting behavior.

First, we seek to characterize the structural properties of a carbon-enriched
nanoparticle. To do this, the phase diagram of Ni-C nanoparticles was calcu-
lated by GCMC simulations for system sizes up to about 3 nm. This study has
already been published[31] and we only summarize the main conclusions below.
In Figure [T]A, different phases are identified such as solid (S), liquid (L) or the
segregation of carbon atoms on the surface of NP (SEG). In addition, there is
a core-shell state (C-S), where this stability domain connects the solid phase
(S) to the liquid phase (L) through a heterogeneous continuum of core-shell

states. As shown in Figure [IB, this phase consists of a crystalline and nearly
s

pure Ni core, containing a low carbon concentration x2

(solid concentration),
surrounded by an Ni-C shell with a higher C concentration xZ (liquid concen-
tration). Such a configuration is not observed in bulk. Indeed, it is a direct
result of the nanoscale, where carbon atoms can diffuse inside the surface layers

and induce partial melting of the NP surface.
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Figure 1: A. Phase diagram of a 3 nm diameter Ni-C nanoparticle, R.2.3 corresponding
to 807 Ni atoms. S, L and C-S correspond respectively to the solid, liquid and core-shell
states, while SEG located above the limit of solubility, corresponds to the segregation states.
B. Snapshot of an half Ni-C nanoparticle. Flush atoms correspond to well ordered Ni atoms
in the core of the particle, while the brown sites correspond to the Ni-C disordered shell.
C. Wetting behavior of a Ni-C nanoparticles (405 Ni atoms) on a graphene sheet for low,
medium and high carbon concentrations. Below the blue dashed line the particle structure
shows a pure and ordered Ni layers (flush) while above the blue line a disordered Ni-C structure

can be seen with dissolved carbon atoms in red.

We are now focusing on the interaction between nickel nanoparticles contain-
ing carbon atoms and graphene as a substrate. As already pointed out in[32] [33],
we notice that metallic nanoparticles tend to dewet from the graphene when the
carbon fraction increases (see Figure[[C). At low carbon concentration (x.), the
droplet shows a wetting angle close to 6 ~ 90°, corresponding a mildly wetting
situation, while larger x,. favors a dewetting behavior, Figure[2JA. This is in qual-
itative agreement with experimental data, obtained by Naidich et al., showing
that the contact angle of a macroscopic Ni (and also Co and Fe) drop on graphite
increases with C fraction dissolved inside [34]. It is interesting to note that due
to its interaction with the substrate, the NP displays one or few pure crystalline
Ni layers at the interface. Indeed, dissolved carbon atoms deplete the metal
layers in the vicinity of graphene and remain in the upper layers, away from the

substrate, Figure [2B. This phenomenon has already been observed in the con-
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text of graphene growth by XPS experiments and computer simulations in the
first metal layers of a Ni slab covered with an epitaxial graphene sheet|35] [36].
When x, increases, the dissolved carbon atoms populate the depleted metal lay-

ers. To maintain a constant liquidus concentration x%

, the number of ordered
metal layers decreases and the remaining volume occupied by dissolved C in-
creases (as seen in Figure ) This behavior induces a partial dewetting and
lower NP /substrate adhesion. When the solubility limit (x5 ~25%) is reached,
the nanoparticle is saturated by the carbon atoms and the work of adhesion goes
to zero. As a result, the NP detached from the substrate, (as seen in Figure

PIC). The work of adhesion (Eq. [I)) can be calculated from the particle/substrate
contact angle 6 using the Young-Dupré equation (Eq. .

Wadh = Ym—c (1 + cos ) (1)
Ym—c — Ve

COSG = - 2

’Ym(xC) ( )

In (Eq. , the NP surface energy corresponds to (), the metal-carbon inter-
face energy by (7m—.) and the substrate surface energy by (7.).
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Figure 2: A. Wetting angle, B. thickness of depleted carbon layers and C. the work of adhesion
of a Ni nanoparticle supported on a graphene layer as a function of the carbon concentration
dissolved into the particle. The red line corresponds to the wetting angle calculated from the

Young-Dupré equation.

Depending on the wetting behavior, a morphology change of the particle can
be observed. At low carbon concentration on a flat substrate as graphene, the

particle presents a half spherical shape, with a contact angle close to 90°. When
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X, increases, the NP dewets and tends to a spherical shape with a minimal sur-
face geometry, as seen in Figure [BJA. To understand this behavior, we develop
simple arguments based on the system free energy. This expression is developed
as a sum of the volume, surface and interfacial energies of a particle and its
underlying substrate. Assuming that the volume of the NP is constant for all
carbon concentrations, it is straightforward to show that the free energy min-
imization leads to the Young-Dupré equation. Details about the free energy
minimization are given in the Supporting Information. In (Eq. , the wetting
angle between a NP supported on a flat substrate depends on the NP surface en-
ergy vm(x.), that is a function of the carbon concentration. When x,. increases,
Ym(x.) decreases. As a consequence, the particle favors the formation of a free
surface and tends to lower the metal-carbon interface, resulting in a dewetting
behavior. The final NPs geometry is thus impacted by the interplay of the
particle-graphene interactions, the amount of carbon atoms dissolved inside the

particle and the thermodynamical conditions of the system.

2.2. Nanoparticles inside carbon nanotube

The ability of a NP to sneak inside a CNT as in a fully wetting situation has
been demonstrated both numerically[37, [38] and experimentally[39, 38]. During
the growth of carbon nanotubes at moderate x., corresponding to the core-shell
states described above, a partial wetting was observed. A fraction of metal
atoms wets the inner tube surface, while the remaining metal atoms are located
outside of the tube. At larger x., the nanoparticle does not wet anymore and
interacts with the tube edge only, up to the detachment when the saturation is
reached.

On a concave surface, such as the inner surface wall of a CNT, NP exhibits
behavior opposite to that of graphene, Figure [BB. For a low carbon concen-
tration, the deviation from sphericity is minimal, corresponding to an encapsu-
lated quasi-spherical NP. When the carbon concentration increases, the particle
spreads along the axis of the tube. This effect is not so surprising at the low

wetting limit (ym—c > Ym(zc)), with a wetting angle of § > 7/2. For a sake



Figure 3: A. Surface evolution of a Ni nanoparticle deposited on a graphene substrate as a
function of the carbon concentration. B. Surface evolution of a Ni nanoparticle (R2.3 201 Ni
atoms), deposited on the inner surface of a single wall carbon nanotube, as a function of the
carbon concentration. On a flat substrate (A), the nanoparticle shows a dewetting behavior
when the carbon concentration increases. On a concave surface (B), the particle tends to
spread on the substrate when the carbon concentration increases. All nanoparticles surfaces

was determined using a convex hull algorithm.
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of simplicity, the pore curvature is assimilated to a triangular groove with an
half-angle at the top given by d, (see figure S1 B in supplementary information).
A simple calculation shows that the external surface A of a NP with a volume
elongated along the groove in the form of a bar,- denoted as a ”slug”-, of length

{ is approximately given by

A= a2 >/2, 3)

with =0(z;) + 0 —7/2, (4)
and FO(z0),6) = cos( O(xz.) — 6)sin(f(z.) —7/2) ta (5)

sin §

The first term in A stands for the contribution of the extremities of the slug, and
the second for the one of its cap. At equilibrium, corresponding to the free en-
ergy minimum given by (Eq. , the surface area minimization 0A(z.) /0| i=¢, =

0 at constant volume €2, provides the optimal length ¢, of the deformed NP as

we ()7 )

for small ¢, demonstrating how a NP is more elongated in a groove with smaller
angle §. Hence, a spherical NP with diameter much smaller than the radius
of curvature of the surface on which it sits (i.e. § — m/2) remains close to
spherical, whereas when its diameter matches that of the tube to which it is
attached (i.e. 0 — 0), the NP deforms into an elongated slug, as suggested by
Figure . In this case, the driving force to dissolve sp? carbon atoms from the
substrate is too low. Therefore, the nanoparticle tends to elongate and form an
interface with the substrate. When the radius of the NP is close to the one of
the substrate, interface formation is favored due to the small difference between
NP and CMK tube radius. In Figure B, we show the particle length evolution
as a function of wetting angles (6, ) using the complete form of equation (Eq.
5) in relation (Eq. . Interestingly, the elongation is mostly controlled by the
apex angle § and ranges from 2 nm corresponding to the diameter of an isolated

nanoparticle to 5 nm for small angle 4.

11
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Figure 4: A. Wetting behavior of a pure 2 nm Ni nanoparticle (R.2.3 201 Ni atoms), on
the inner surface of single wall nanotubes with diameters R.3 corresponding respectively
from the left to the right at Doypr=2.44, 2,17 nm and 1.76 nm. Depending on
diameter ratio of particle and tube, nanoparticles show different elongation depending on
tube diameters. On small tube diameter, the particle shows a mostly platelet shape, while
on large diameter tube, it shows an half spherical one. B. Map length of a particle wetting a

curved surface as a function of the wetting angles 6 and ¢ according to (Eq. and ( Eq. .

2.8. Ordered mesoporous carbon CMK substrate

Beyond these simple geometries, we used an highly ordered mesoporous car-
bon CMK as wetting substrate[22]. CMK materials offer good mechanical and
thermal stability, high pore volume, electrical conductivity and two curvatures
(concave and convex). Monte Carlo simulations were performed with a CMK-5
structure, generated by Jain et al. [23], with a pure 2 nm diameter NP, initially
deposited on two different locations. In the first case, the metallic NP lies at the
edge of the CMK tube, in the second case it is on the outer tube surface. Note
that the total number of atoms in the simulation is about 4000 atoms. In terms
of calculation time, these simulations are very long and difficult to converge.
As a first step, we consider the wetting behavior of a Ni NP on the inner
tube surface of a CMK-5 to characterize the interaction with a concave surface.
During the thermalization at T=2000 K, the NP melts and penetrates inside the
pore as seen in Figure 5| This wetting behavior can be seen when the metallic

particle contains a low or a moderate carbon concentration, corresponding to

12
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Figure 5: A. (Upper panel) Monte Carlo time evolution of the carbon concentration dissolved
into a 2nm diameter metallic nanoparticle (R2.3 201 Ni atoms). (Lower panel) Monte
Carlo time evolution of energies for Ni (En;), C (Ecais) and Ni surrounded by dissolved
C atoms (En;_c). During the first 10 iterations, the system is relaxed at T=2000K. The
next iterations correspond to an annealing from T=2000K to 300K. R.2.3 B. Evolution of
the sp and sp2 hybridization ratio of the CMK carbon atoms as a function of
the temperature during the annealation. C-E. Snapshots corresponding to the system
evolution as a function of temperature. B. The nanoparticle interacts with the tube edge of the
CMK-5. C. The nanoparticle wets the inner tube surface of the CMK. D. Slug configuration

after annealing.
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the core-shell states described above. In this case, the NP will favor metal-
carbon interactions in order to heal metal atoms dangling bonds located at the
surface of the particle. Thus, at high temperature the particle is in a liquid state
and sneaks into the tube. While the temperature decreases, the lower part of
the particle will crystallize and dissolved carbon atoms will diffuse to the upper
part of the particle. This carbon depletion tends to increase the NP-substrate
interaction as explain above.

In addition, if the curvature radius of the tube is in the same order than the
NP, the metal-substrate interface will be increase for a small particle deforma-
tion. R.3 CMK pore diameters are usually around few nanometers.
The wetting properties reported in this work could be different for
larger NP where the carbon solubility should tends to the bulk around
10% instead of 25% for nanometer diameters [31]. We can thus imag-
ine than large particle can only presents a core shell state preventing
the spreading effect inside tubular substrate. Interestingly, the analy-
sis of the evolution of the carbon concentration within the particle shows an
enrichment during this phase, to reaches a maximum around z. ~8%, Figure
Bl A. This carbon concentration remains constant throughout the cooling process
from T=2000 K to 300 K. Actually, this behavior is directly related to the abil-
ity of the nanoparticle to dissolve sp carbon from the CMK. Indeed, sp carbon
adatoms or short chains are present in the CMK structure, while, in the case of
sp? structures (graphene and nanotube), such an effect has not been observed
since C-C bonds are strong and not very reactive to the presence of the metal.
R.2.3 The ability of a NP to dissolve poorly bond sp carbon atoms is
shown on Figurel5|B, where the ratio of sp and sp2 varies during the
annealation. From the high to low temperature, the ratio of sp car-
bons decreases by 7%, while sp2 carbon increases by 7%. Note that
the thermal energy allows the NP to diffuse into the structure and
remove some structural defects of the carbon structure. Moreover, the
analysis in terms of local energy allows us to go further in understanding this

phenomenon. Indeed, at the beginning of the simulation, the pure nanoparticle

14
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starts to dissolve carbon atoms, which results in an increasing energy of nickel
located at the surface of the NP (in the vicinity of dissolved carbon). In parallel
with this observation, it can be seen that the energy of Ni atoms in the layers
depleted by carbon decreases drastically. As soon as the evolution of these two
quantities crosses over, the nanoparticle no longer dissolves carbon and reach a
maximum C concentration around z. ~8%, Figure |5| Finally, it is interesting
to note that at 300 K, the particle interacts strongly with the concave surface of
the CMK, and tends to spread along the interface to increase its surface. Such
a configuration is therefore favorable to promote catalytic processes by limit-
ing coalescence effects. On the other hand, the interaction of NP with convex
surfaces is less favorable in this respect. Here again, we observe an enrichment
of the particle in carbon with a melted NP at high temperature. However, as
can be seen from the evolution of the surface as a function of temperature, the

contact surface is much smaller at low temperatures than for a concave surface.

[econfig A]
econfig B

700
2000 1800 1600 1400 1200 1000 800 600 400 200
T(K)

Figure 6: A. Wetting behavior of a nanoparticle at the top of a CMK-5 tube (convex sur-
face). B. Wetting behavior of a nanoparticle on the inner CMK-5 tube (concave surface). C.

Nanoparticle surface evolution of cases (A) and (B) during annealing from T=2000K to 300K.

3. Conclusion

In the present study, we have shown that the porous structure of CMKs

is a playground that allow to modify the morphology of nanoparticles. It is

15
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thus possible to take advantage of this complex carbon architecture to deposit
nanoparticles on concave and convex contact areas while enriching the parti-
cle with carbon. It then becomes possible to modify their wetting properties
which are directly related to the local curvature of the substrate, but also to
the ability of the metal catalyst to dissolve carbon from the CMK. R.1.2 A
Ni nanoparticle is covalently bond to the carbon substrate, ensur-
ing a strong adhesion energy between both materials. However, the
particle-substrate interaction depends on the interstital carbon frac-
tion dissolved into the NP. When 2. increases, the adhesion energy
decreases upto the detachment at a carbon concentration correspond-
ing to the saturation. On a flat or convex substrate the NP shows a
limited wetting behavior resulting in an almost spherical shape. For
concave substrates and when the curvature radius NP and substrate
the NP is allowed to maximize the metal-carbon interface resulting in
NP spreading due to confinement. Thus, the carbon-enriched NP seeks
to maximize its surface area with the substrate limiting its ability to coalesce.
Such a morphology is therefore a real advantage for stability of supported parti-
cle in catalytic applications. Further more, different experimental studies have
shown that carbon-enriches NPs can enhanced catalytic properties. This has
recently been shown in the case of Mg[20] and Pd[18] NPs containing carbon
atoms. It can be noted that these results for nickel can be easily extended and
generalized to other catalysts that also have the ability to dissolve carbon and
form carbides nanoparticles. On this last point, we should notice that a very
promising chemical synthesis technique of transition metal carbide nanoparticles
has been developed to produce a wide range of homogeneous nanoparticles with
controlled stochiometry and sizes [40]. Our study therefore provides valuable
and unique details on the wetting mechanisms of metal nanoparticles supported
on carbon substrate at the nanoscale and represents a major step forward in

their use for many applications.
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