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ABSTRACT

Based on experiments aiming at depositing pyrolytic carbon onto carbon nanotubes by means of a chemi-
cal vapor deposition (CVD) process at 1400 °C, the work we report here demonstrates that the deposition
involves the transient formation of a liquid phase (here organic), and that wetting physics is still able to
apply in spite of the high temperature and the nanoscale, i.e., far beyond the condition range usually in-
vestigated. This was unexpected, because the high temperature makes all the physical and chemical pro-
cesses involved transitory, including the fact that the liquid turns itself into solid carbon because of the
ongoing carbonization process. The observations provide an estimate of the time scales of the involved
processes, as they have to be short enough to complete in spite of the high temperature conditions. From
a practical point of view, as the resulting material is a solid, all-graphenic carbon, the work demonstrates
that using wetting physics in high temperature CVD can be a way to dramatically modify the surface en-
ergetics and the nano/microscale morphology of carbon nanofilaments. The statement is assumed to also

apply to other chemical systems.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Wetting physics is driving the way liquids behave when they
meet solid surfaces, both in natural and technological processes.
Wetting-related phenomena are usually investigated or used (i) at
room or moderate temperature, ie., rarely higher that the range
of curing temperatures for polymers; (ii) for macroscale down to
microscale systems, i.e., nanoscale is barely considered due to the
experimental issues related to investigating nanosized liquid vol-
umes; (iii) while involving a liquid whose chemical composition is
different from that of the solid substrate, and which remains so,
i.e., the resulting material is somewhat heterogeneous. In the work
presented here, investigating the processes involved in the deposi-
tion of carbon by means of thermal cracking of an organic precur-
sor has unexpectedly turned out to be a way to investigate wetting
phenomena beyond the experimental condition limits listed above.

The deposition of carbon by means of thermal cracking of a
hydrocarbon gas or vaporized liquid feedstock has been used for
decades [1-6]. When it is used to coat various materials with
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thin carbon films, the process relates to chemical vapor deposition
(CVD). When it is used to infiltrate a porous preform, the process
relates to chemical vapor infiltration (CVI) [4]. In both cases, when
using conditions for which the gas phase is subjected to exten-
sive homogeneous recombination reactions, the obtained carbon,
so-called "pyrolytic carbon” or "pyrocarbon" (PyC), is graphenic
with turbostratic structure, whatever the synthesis conditions used
[2,4,6]. For favorable cases, the hexagonal (i.e., Bernal) graphitic
structure may be partially or fully obtained upon post-treatments
(typically high-temperature annealing). The formation of PyC re-
sults from both homogeneous and heterogeneous processes in var-
ious proportions depending on the conditions [4]. Homogeneous
processes refer to the reactions occurring within the gas phase,
such as - in addition to the thermal cracking of the precursor
gas - the recombination of radicals, atoms or molecular fragments,
producing heavier species. On the other hand, heterogeneous pro-
cesses are more thermodynamically favored [5]. They involve con-
densation reactions, where chemical reactions such as dehydro-
genation and polyaromatization can take place at the contact of
the substrate surface, and the adsorption/desorption of species
onto and from the solid surface.

Depending on whether the homogeneous or the heterogenous
reactions prevail, PyC exhibits different morphological and textural
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characteristics. PyC mostly resulting from homogeneous reactions
shows overall isotropic textures whereas the prevalence of hetero-
geneous events tends to form more or less anisotropic (laminar)
textures [4,6].

However, the vast majority of the studies on which the latter
statements are based have involved substrates whose dimensions
are very large with respect to the scale at which the chemical re-
actions and other events (such as adsorption) take place. Such a
dimension ratio is indeed important, and it was already observed
that the PyC local texture is deeply influenced by the local vari-
ations of the substrate topology, such as surface corrugations at
nanoscale [7].

Unfortunately, very few extended investigations of the relation-
ships between the structure, nanotexture, and morphology of PyC
deposited onto CNTs and the deposition conditions have been car-
ried out. For a long time, such a PyC deposition process onto
MWCNTs was a common use to thicken MWCNTs into so-called
vapor-grown carbon fibers (VGCFs) [8-10], but a full range of con-
ditions which could have allowed revealing a large variety in the
deposited morphologies was not explored. Recent works attempted
to investigate the early steps of PyC deposition, but the synthesis
conditions were not much varied either [11,12], and those steps are
merely described in terms of depositing graphenes, which sounds
too simplistic to account for the variety of conditions and PyC
morphologies found in the literature. The deposition of PyC was
also carried out to densify MWCNT preforms into C/C composites
[13-15], but the observations regarding the deposition mechanisms
were blurred by the fact that the CNTs were very close to each
other, preventing any particular PyC morphology to develop.

However, few years ago, a thorough study dedicated to the de-
position of PyC onto carbon nanotubes (CNT) was reported [16-
19]. It showed the unprecedented formation of a variety of all-
graphenic deposits with complex morphologies aligned along the
individual CNTs, which were made up of either beads or fiber seg-
ments with rough surface, and fully developed or truncated cones
with atomically smooth surface protruding from them. Recent ex-
amples produced in our lab are shown in Fig. 1a-d. The inner tex-
ture (i.e., the way graphenes are displayed within the morpholo-
gies) is sketched on Fig. 1e, as determined in [18].

Understanding how such complex morphologies can form is not
straightforward. Nevertheless, it was shown that the sequence of
growth follows that reported in Fig. 2 [19]. It was then clear that
the first PyC deposits adopt a nanosized spindle-like morphology
(Fig. 2a), and that the subsequent ones lead to the formation of
fiber segments or beads (Fig. 2b,c).

What makes the PyC deposit to adopt the spindle morphology
illustrated in Fig. 2a is a key question. The transient formation of
a liquid phase at some moment in the furnace was proposed to be
an important step of the deposition process [19], but this hypoth-
esis was lacking strong support. With this paper, we bring further
evidence for it and discuss about whether such a liquid phase ex-
ists, when and where it forms, and how it behaves.

2. Experimental

Experiments were conducted following conditions similar or
close to those reported in [17]. Briefly, pieces of flexible graphite
foil substrates are seeded by iron nanoparticles from a suspension
in water, then dispatched on a refractory support along a hori-
zontal piston-type ("plug-flow") CVD furnace. The furnace is first
flown with Ar then pure H, while heating it up to 800 °C in order
to reduce any iron oxide into metal iron, and then CH, is added
while the temperature is risen up to 1100 °C in order to grow
multiwall CNTs with outer diameters in the range of 5-10 nm.
CNTs are coarsely aligned by the gas stream. This first step, obey-
ing the catalyst-enhanced CVD (CCVD) mechanisms, is designated
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as the lengthening step. Then the temperature is risen again under
pure Ar up to 1350-1400 °C, at which a mixture of CH; and H,
is again introduced instead of Ar. This second step, designated as
the thickening step, is obeying the CVD mechanisms, during which
the complex morphologies mentioned in the introduction (Fig. 1)
are formed during a 1-2 h dwell time. The CH4/H,vol ratio is in
the range of 1/9 during the first step, and it is varied within the
1/2-1/4 range during the second step. The interest of the exper-
imental set-up is that it includes a large isothermal zone several
tens of centimeters long. Local conditions may thus vary only from
the increasing residence time of the gas phase resulting in more
extended homogeneous phase reactions while the gas phase pro-
ceeds towards the exhaust. This is why such specific CVD condi-
tions were designated as "time-of-flight CVD" [17]. The time of
flight of the species in the gas phase may be varied by adjusting
the total incoming gas flow. As a matter of fact, the maturation of
the gas phase increases with the time of flight, where "maturation”
is a very convenient single word to designate the combined effects
of temperature and time.

In principle, the thickening step could be applied to commercial
CNTs instead of synthesizing our own CNTs as a first step, although
this was never attempted. However, it is believed that synthesizing
CNTs as a first step within the same furnace comes with three ben-
efits: (i) it allows some control of the CNT alignment and straight-
ness, as it is important for subsequent applications that the conical
morphologies formed during the thickening step are aligned with
respect to each other along the same CNT; (ii) it allows some con-
trol of the CNT density, as it is important that CNTs do not touch
each other so that the PyC morphologies can fully develop; (iii)
There is no contact with any atmosphere but that of the furnace
between the lengthening and thickening steps, which could other-
wise somewhat modify the chemical reactivity of the CNT surface
with respect to the depositing species.

The PyC morphologies obtained were investigated by means of
scanning electron microscopy.

3. Results and discussion
3.1. The common CVD deposition models

Three models for the formation of thin solid films from a vapor
phase can be found in the literature [21,22]:

- the layer-by-layer mode, so-called the Frank-van der Merve
(FM) growth model, in which the interaction between the sub-
strate and the depositing species (adhesion) is much higher
than the cohesion between the depositing species. A next layer
will then grow only once the first layer is completed.

the 3D-island-based mode, so-called the Volmer-Weber (VW)
growth model, in which small clusters are nucleated directly on
the substrate surface and then grow into islands as a condensed
phase. The formation of islands takes place from the beginning
of condensation, if the interaction energy between the deposit-
ing species (cohesion) is larger than that between the deposit
and the substrate (adhesion)

A mixture of both, so-called the Stranski-Krastanov (SK) growth
model, in which a first layer-by-layer growth step is followed
by the formation of 3D islands. The reason for switching the
growth mode could be that the interaction of the second layer
with the first layer is not as strong as it was between the first
layer and the substrate. But many other reasons are possible
[23].

Such deposition models are able to apply to a large variety of
CVD-deposited materials. However, the three models mentioned
above are often discussed in terms of atoms, i.e.,, the depositing
species are by far less large and complex than those involved in
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Fig. 1. Examples of the complex graphenic morphologies that form when PyC is deposited onto CNTs when the appropriate conditions are reached. (a) A rough-surface
microfiber-segment with smooth-surface cones protruding at both ends. (b) Same as in (a), with a bead instead of a fiber segment. (c,d) Series of beads periodically
displayed along their respective primary CNT and separated by truncated cone parts. Other examples can be found in [16-20]. (e) Sketch of the display of the graphenes
constituting the morphologies as seen in cross-section. Image (e) is reproduced with permission [18] Copyright 2005, Elsevier.

our gas phase at high maturation level. In addition, two major dif-
ferences make such models barely able to apply to our system:
one is the substrate nature, i.e., a nanosized filament, which has
little to do with the kind of "flat" (i.e., free of any step) surfaces
usually considered when discussing the FM, VW; or SK deposition

models; another is the fact that the chemical composition of the
depositing species (hydrocarbons) evolves while the PyC is being
formed, which may affect the adhesion vs cohesion force competi-
tion which seems to be the main driving factor. Despite these ma-
jor discrepancies, based on the common observation that the de-
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Fig. 2. SEM images showing the progressive occurrence of the cone-and-bead mor-
phology of PyC when depositing onto a CNT. (a) Early deposition step results in the
formation of spindle-like morphologies onto the nanotube surface (two of them are
arrowed). (b) Then, the deposition becomes disordered once the thickest part of the
double cone (i.e., the cone base junction) reaches a threshold value of ~100 nm; (c)
A bead starts to form. Reproduced with permission [19], Copyright 2006, Elsevier.

position of PyC starts with the formation of islands [24-26], Lee
et al. [26] proposed that the deposition of PyC may follow the
Volmer-Weber model. But the formation of the complex morpholo-
gies as illustrated in Figs. 1 and 2 which comprise both smooth-
and rough-surface sub-morphologies with different inner textures
and nanotextures growing at the same time constitutes a main
objection to Lee et al’s statement, as there is no way that the
Volmer-Weber model may account for it. Furthermore, the local
thickening conditions (which vary with the thickening time, time-
of-flight, temperature, and CH4/H, ratio) were shown to govern the
thickness ultimately reached by the smooth surface cone-related
sub-morphologies on the one hand, and by the rough surface sub-
morphologies (beads or fiber segments) on the other hand, inde-
pendently from each other. This is illustrated by Fig. 3a compared
to Fig. 3c for instance, in which the development ratio of both sub-
morphologies (i.e. the thickness and length variations of the beads
or fiber segments over that of the fully/partially formed cones) is
quite different.

This independence in the thickening behavior while both sub-
morphologies grow in the same time demonstrates that they do
not grow from the same species. Therefore, other scenarios have
to be considered.

Carbon Trends 5 (2021) 100117

x3000 . ) ~ Bmm

Fig. 3. (a) to (c) SEM images showing examples of the periodic display of the
PyC deposits along their supporting CNT. Photo credit for image (c): H. Allouche
(CEMES).

3.2. The existence of PAHs

As it breaks chemical bonds, thermal cracking generates rad-
icals. However, the higher the residence time or time of flight,
the more the radicals combine into new species, with some prob-
ability of the latter to also crack into radicals heavier than the
primary ones. At some point, the gas phase has become a mix-
ture of radicals and of molecular species resulting from their re-
combination. To account for the chemical complexity of the gas
phase they had observed, a so-called "particle/filler model" was
proposed by the Hiittinger’s group [5,27-29]. This model assumed
that polyaromatic hydrocarbons (PAHs) originating from polycon-
densation reactions of previously formed moieties are the "parti-
cles”, whereas lighter, hydrocarbon molecules are the "filler", all
of them resulting from the cracking and subsequent recombina-
tion events in various extent. The various PyC textures observed
in the literature were proposed to result from various and specific
particle/filler proportions. Importantly, PAHs are able to physisorb
onto any surface, whereas radicals deposit through chemisorp-
tion, meaning that they require active sites to bond. This model
was well-received and is now widely accepted, and even demon-
strated by molecular dynamics [30]. The next question to answer is
whether the PAHs deposit as such or as a liquid, wherever it forms.

3.3. The existence of a liquid phase

The particle-filler model originally did not consider the exis-
tence of a liquid phase, although the authors admitted it once as a
possibility: "Due to the slow rate of condensation reactions, the life-
time of the polycyclic aromatic hydrocarbons should be sufficient to
permit the formation of a transient liquid and, in particular, a meso-
genic film in which orientation processes are possible before carbon
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Fig. 4. (a) and (b) Effect of surface tension on the shape of a liquid droplet deposited onto a filament. (a) low-wetting conditions; (b) partial wetting conditions. In both cases
the volume of liquid is the same, but the filament diameter is larger in (a) than in (b). Reproduced with permission [43], Copyright 1986, ACS Publications. (c) Droplet-like
carbon morphologies lining-up periodically along a CNT, as obtained by Ting and Lan [45,46] after the formation of PyC onto CNTs from cracking CH4 + H, at 1400 °C, as in
our experiments. Reproduced with permission [46], Copyright 2000, Elsevier; the experimental conditions at which such a configuration was obtained cannot be ascertained,
as the same image was said to correspond to 67.7% CH, and 10 min growth time in [46], and to 20% CH4 and 30 min growth time in [45]; anyway, the similarity with (d2)
is striking. (d) Example of the way a liquid film covering a fiber (d1) breaks up into a series of main and then subsidiary (arrowed) droplets (d2), upon the effect of the PRI
(see text); reproduced with permission [47], Copyright 2008, IOP Publishing. The original images in (d) have no scale. Arrows were added to the original images of both (c)
and (d2) in order to point out the occurrence of subsidiary droplet-like carbon morphologies (c) and subsidiary liquid droplets (d2) located between the main ones.

is formed" [27]. Meanwhile, they considered as "relatively unimpor-
tant whether or not nucleation is based on the physisorption of indi-
vidual species or on the physical condensation of aggregated species
(droplets)". Obviously, such a statement of unimportance regard-
ing the actual existence of a liquid phase is scientifically irrelevant
when investigating the early step of the deposition mechanisms of
PyC onto nanosized filaments. Actually, Monthioux et al. [19] had
to hypothesize that the PAHs species gathered into a PAH-rich lig-
uid phase as the only way to account for several experimental ob-
servations: (i) the similarity between condensed-droplets and the
PyC islands found in the early step of PyC deposition onto planar
surfaces [24-26]; (ii) the meniscus-like morphology of the cones
(yet solid) (see Fig. 9 in [19]); (iii) the axisymmetric geometry of
the primarily formed spindle-like double cones as illustrated in
Fig. 2a, which is a feature typical of droplets depositing on a string
(an example will be provided later on, as Fig. 4b). The transient for-
mation of a liquid phase was actually proposed long ago [31] and
many times since then [2,3,23,32-35], but remained a matter of
debate for long as the particle/filler model happened to prevail. Be-
cause the recombination reactions combined with secondary crack-
ing in the gas phase certainly produce a variety of cyclic and non-
cyclic hydrocarbons in their path to forming PAHs, the liquid phase
was proposed to be similar to a pitch. Pitches are high molecu-
lar weight residues (possibly solid at room temperature) of either
coal tar or petroleum distillation. As pitches are colloids in which
PAHs are the micelles and light hydrocarbons are the suspensive
medium [36], assuming the liquid phase in PyC deposition pro-
cesses to be similar to a pitch made it compatible with the par-
ticle/filler model [19]. Therefore, the transient occurrence of such
a liquid phase appears to be likely. This pitch-like liquid, once de-
posited onto the CNTs, carbonizes and transforms into PyC with
the complex morphologies illustrated in Figs. 1 to 3. Of course,
such a process has to be considered only for CVD conditions allow-
ing it to take place, i.e., allowing the gas phase to mature enough
for generating PAHs and various other aliphatic hydrocarbons, typ-
ically by combining high temperatures with long residence times
(or times of flight). Accordingly, other studies dealing with the de-
position of PyC onto CNTs using non-suitable conditions did not
result in the same complex morphologies [8-15].

3.4. The wettability of CNT surface by a pitch-like liquid

For the above-described scenario to happen, conditions for the
total or partial wetting of the CNT surface by the pitch-like liquid
phase should happen first. Dujardin et al. [37] determined that a
liquid may wet CNTs until a cut-off value of its surface tension in

the 100-200 mN/m range is reached. Pitches exhibit a large va-
riety of chemical compositions coming along a large range (~40-
300 °C) of melting or softening temperatures [38,39]. Correspond-
ingly, they also exhibit a large range of surface tension values at
molten state, from 27 to 320 mN/m, as well as a large range of
viscosity, from 160 to 4000 cP [40,41]. Estimating the right surface
tension and viscosity values of the depositing pitch-like liquid is
difficult due to the out-of-equilibrium conditions involved, as ev-
idenced by the fact that such a PAH-containing liquid exists at a
temperature (~1400 °C) at which only a carbonized solid is sup-
posed to be stable. Therefore, every scenario is possible: (i) either
the lifetime of the species in the furnace is too short for allow-
ing the formation of PAHs with heavy molecular weight, hence the
liquid formed may exhibit viscosity and surface tension values cor-
responding to that of light molecular weight pitches (e.g., in the
range of below 1000 cP and below 50 mN/m, respectively [40]; as
more familiar examples to compare with, the viscosity of water is
1 cP at 20 °C, that of fuels at 15 °C goes up to ~200 cP [42]);
(ii) or the rapid carbonization of the organic liquid is promoted by
the high temperature, making it rapidly behave like a high molec-
ular weight pitch, hence with a fairly high viscosity (as a matter of
fact, the temperature which marks the end of the regular primary
carbonization process beyond which any organic precursor is irre-
versibly turned into a graphenic solid is as low as 450-600 °C); (iii)
both previous scenarios may combine to generate a pitch-like lig-
uid with any property value within the possible range. Overall, the
range of pitch-like liquid characteristics is quite large, and covers
the right range for allowing them to wet the CNT surface. When
and where this liquid phase does form is the next question.

3.5. The two ways the pitch-like liquid phase could form

There are two ways for considering the occurrence of a lig-
uid phase in CVD conditions: (i) the "mist analogy", which is a
homogeneous phase process: the liquid phase forms within the
gas phase as droplets prior to deposit onto the substrate (the
CNT surface in our case), thereby making the gas phase a bipha-
sic medium, made of both gas and liquid, similar to a mist. The
droplet characteristics (number, size, aromaticity, viscosity) would
be determined by the local conditions such as temperature, time of
flight and composition of the gaseous feedstock; (ii) the "morning-
dew analogy", which is a heterogeneous phase process: the liquid
phase forms at the contact of the substrate surface following to a
condensation mechanism similar to that which leads to the forma-
tion of the morning dew. Such a mechanism leaves the gas phase
as a monophasic medium, which remains consistent with the par-



G. Paredes, T. Ondarcuhu, M. Monthioux et al.

ticle/filler model. An important observation to make in order to
sort-out between both hypotheses is that the complex PyC mor-
phologies formed onto the CNTs, when not entirely covering them,
tend to align somewhat periodically along them, regardless their
development (Figs. 1c,d and 3). This, again, reminds the formation
of water droplets onto the filaments of a spider web due to the
condensation of the H,O molecules contained in air, once the dew-
point is reached.

The behavior of liquids depositing on strings should then be
considered in order to find out which scenario applies.

3.6. Introducing the physics of wetting strings by liquids

3.6.1. The mist analogy

This scenario was hypothesized in [19]. In such a case, when a
preformed liquid droplet deposits onto a filament, the surface ten-
sion drives the shape and configuration of the droplet which ei-
ther adopts a non-symmetrical shape (Fig. 4a) or an axisymmet-
rical shape (Fig. 4b), depending on the droplet volume and the
fiber radius respectively [43], that is to say the droplet over fila-
ment diameter ratio. The droplet shape can even be switched from
axisymmetrical to non-symmetrical for a given filament diameter
upon changing the liquid/filament surface interaction [44], which
may happen if the liquid composition changes with time. Obvi-
ously, the primary spindle-like PyC morphology observed at the
early times of the deposit (Fig. 2a) requires to originate from an
axisymmetrical kind of droplet as in Fig. 4b, indicating that the
CNT diameters are small with respect to the droplet diameters.

Whatever the scenario, it has to account for the periodicity of
the display of the PyC morphologies deposited along the CNTs as
shown in Figs. 1c,d, 3a,c, and other examples in [16,17,19]. It was
hypothesized in [19] that it might relate to the statistical distri-
bution of the droplets in the gas phase. The higher the concen-
tration in droplets, the closer to each other the primary spindles
(Fig. 2a) along a CNT, hence the subsequent cone-bearing mor-
phologies which grow afterwards. However, a key result can be
found in the images obtained by Ting and Lan [45]. In their at-
tempts to reproduce the earlier work reported in [15] regarding the
formation of cone-bearing PyC morphologies, these authors have
obtained a deposition of PyC onto CNTs which definitely looks like
a series of axisymmetrical droplets periodically dispatched along
a string (Fig. 4c¢). Interestingly, smaller, subsidiary "droplets" (ac-
tually solid carbon) are seen between the large ones (arrows in
Fig. 4c).

Such a configuration involving both main and satellite droplets
cannot be explained by the deposition of preformed droplets. To
explain it, another behavior of a liquid wetting a string called the
Plateau-Rayleigh Instability has to be considered.

3.6.2. The morning dew analogy

Back in the XIXth Century, the Plateau-Rayleigh instability (PRI)
was considered in order to explain the spontaneous deformation
of a falling-down liquid cylinder until breaking into separated
droplets once the fluctuation deformation wavelength (X) is su-
perior to the liquid cylinder perimeter (2r) [48]. The distance be-
tween the droplets being formed is determined by the fastest de-
formation mode (i.e., the mode which takes the shortest time to
develop). The PRI phenomenon is based on the liquid surface ten-
sion, main objective of which is to reduce the surface energy for
the system to gain in stability while maintaining the same vol-
ume of liquid [48]. It may surely apply to PAH-rich liquids what-
ever their rheological properties, as according to [49], the same
phenomenon can be also predicted to occur even with soft solids
(polymers, colloids, gels) provided capillary forces are more impor-
tant than elastic shear forces. The PRI plays the same way on lig-
uid films supported by a filament (Figs. 4d and 5a), hence it also
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relates to various natural phenomena such as the water droplets
lining up on a spider web on morning dew as already mentioned
above, as well as in some industrial applications such as fiber man-
ufacturing, coating of optical fibers, surgical textile fibers, etc. [49].
However, for the PRI to play a role in such systems, gravity should
be negligible, which is achieved as soon as the so-called Bond
number Bo << 1 (the Gaucher number is also sometimes consid-
ered instead, such as Bo = Go?), as expressed in Eq. (1):

Bo = rghy’/g (1)

in which y is the surface tension, p the density of the liquid, hg
is the liquid jet radius (or represents (r + h), i.e., the film thick-
ness h added with the radius r of the supporting string when any),
and g the gravitational acceleration. In practical, Bo << 1 occurs
as soon as the filament radius is lower than ~50 pum according to
Carroll [50], or even lower than a fraction of a millimeter accord-
ing to Quéré [51]. In such a system, the species from the gas phase
first condense onto the filament surface as a cylinder of a contin-
uous liquid film (Figs. 4d1 and 5a1), and then the PRI enforces the
film to break into axisymmetrical droplets (otherwise designated
as "unduloidal” [48]) at a speed which depends on the liquid rhe-
ology and the fiber surface energy (Figs. 4d2 and 5a2-a3). Once
the PRI has broken the primary liquid cylinder into unduloidal
droplets, the latter are linked to each other by a thinner cylinder
segment of liquid. Those subsidiary liquid films may also be sub-
jected to the PRI effect, and generate new, smaller droplets located
between the primary large ones [52], as illustrated by Fig. 4d2.
Therefore, the PRI can explain the axisymmetrical shape commonly
observed for the deposited droplets, their periodicity, and their
regularity in various systems, from microscale [53] down to sub-
microscale [54] and nanoscale [55] (referring to the fiber radius).
The similarity between systems as much different as polystyrene
on glass fibers (Fig. 5a3), SnO, on Zn,GeO,4 nanowires (Fig. 5b),
and PyC on carbon nanofilament (Fig. 4c) is striking.

The key-parameters usually considered are the original thick-
ness of the liquid film h, the wavelength A of the unduloidal
droplet display once the PRI effect has played (i.e., the periodic dis-
tance between the aligned droplets), and the diameter 2r of the
fiber. In the lubrication approximation (R + h << A), these param-
eters are related as in Eq. (2) provided the liquid is non-viscous
(inviscid conditions) [48]:

A=2m(r+h)~2 (2)

More generally, A = k (r + h) where k value ranges between 9
and 11 depending on whether h is small or high compared to r
[52,56]. And then, considering our liquid film + CNT system, we
may write Eq. (3), thanks to Eq. (2):

h—i)L —-r
22

Considering images such as Figs. 3a, ¢, and 4c, the periodicity
observed between the cone-bearing morphologies along the CNT
which supports them ranges from few pm up to ~20 pm, which
then can be taken equal to the unduloidal wavelength A. Consider-
ing a CNT radius r of ~5 nm, which is about a maximum according
to our observations [17,20], Eq. (3) tells that the film original thick-
ness h of the pitch-like liquid film covering the CNT should have
been about 600 nm. Although no theory is going against such a
hypothesis, that the furnace temperature of 1400 °C would allow
the organic phase to deposit onto a CNT as a liquid film with such
a large thickness (~60 times de CNT diameter!) all at once be-
fore it carbonizes sounds unlikely. Moreover, the subsequent PRI-
driven breaking of such a liquid film would have generated un-
duloidal droplets of 2-3 pm in diameter, which is out of the di-
mension range found for the spindle-like morphologies which form

(3)
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X1,600 10pm

10 50 SEI

Fig. 5. Effect of surface tension on the shape of a liquid phase deposited onto a filament and then subjected to the effect of the PRI (a) Example of a liquid polystyrene
film wetting a glass fiber (fiber radius ~10 pm); at t = 0, initial film thickness was ~13 pm, and at t = 30 min, equilibrium is reached after the film has broken into
axisymmetrical droplets periodically spaced; reprinted from [53] (CC BY 4.0 license). (b) SnO, beads lining-up onto a Zn,GeO,4 nanowire obtained by thermal evaporation;
reproduced with permission [54], Copyright 2020, ACS Publications. (c¢) Equilibrium shape of agar gel cylinders in toluene whose shear modulus was varied from 12 to
27 Pa from (c1) to (c4) by changing the proportion of water in the gel. Surface tension y = 36.5 mN/m, p = shear modulus, p = initial cylinder radius; reproduced with
permission [49], Copyright 2010, The American Physical Society. (d) Example of the PyC morphology obtained in conditions for which fiber segments preferably form instead

of beads. Other examples are provided as Fig. 1a and 3b-c.

from the carbonization of the primary droplets, even consider-
ing the volume retraction which follows the liquid-to-solid trans-
formation. Indeed, Fig. 2a shows spindle-like morphologies about
100 nm large at the thickest part. Considering a range of volume
retraction of 40% for the most (i.e., the upper limit for the volume
retraction range for pitches upon carbonization (~5-40% for im-
pregnation pitches [57]), the diameter of the droplets at the origin
of the spindle-like PyC morphologies is not more than ~170 nm,
i.e., more than one order of magnitude lower than the value ob-
tained when considering inviscid conditions.

This invalidates the assumption of inviscid condition used to
derive Egs. (2) and (3). This is not so much surprising as either the
pitch-like liquid could be somewhat viscous by nature, depending
on its chemical composition, or, for the least, is rapidly becoming
so upon the effect of the high-temperature-induced carbonization
(1400 °C in our case).

As the liquid viscosity was observed to be able to dramatically
modify the unduloidal wavelength A [58], viscosity should be in-
troduced. Estimating the viscosity condition in wetting phenomena
often refers to the so-called Ohnesorge number Oh such as:

Oh=—_ (4)
vV Pyho

where 7 is the dynamic viscosity, and the other parameters as de-
fined above. Considering the range of values for pitches of 1 (160-
4000 cP) and y (27-320 mN/m) given above [40,41], and p < 1.5
[48], it is clear that Oh >> 1 in our system at nanoscale, which is
the condition for which viscosity prevails over capillary forces in
the way liquid jets or films break up. Furthermore, the unduloidal
wavelength A can be expressed in function of the Oh number as
[47]:

hi =272+ 3v2.0h (5)
0

By combining Eqs. (4) and (5), this allows writing, in first ap-
proximation, the following Eq. (6) [47]:

1/4
A 9 n?
— ~2nV2( = 6
ho (2 P)’ho> ®)

Hence, A/hy can be plotted in function of the viscosity 7, as in
Fig. 6:

Considering a viscosity value n in the range for pitches, e.g,
1000 cP, Fig. 6 shows that a liquid film thickness of ~40 nm (sub-
tracting the 5 nm CNT radius from hy) is enough to obtain an
unduloidal wavelength A of 17.6 pm, ie. close to the ~20 pm
illustrated in Fig. 3a. This is a much more plausible value than
the ~600 nm calculated in the previous section when consider-
ing inviscid conditions. Another interesting result to consider is the
range of the instability time 7,4, that is to say the characteris-
tic time needed by the PRI to operate at the selected wavelength.
As reported in [47], for viscous liquids, Tiq can be estimated
through:

6n(r+h)
14

As reported in the Table of Fig. 6, again taking the same exam-
ple of a viscosity of 1000 cP, it can be seen that the PRI operates
very rapidly, in the time range of 10 ps. This provides confidence
that the pitch-like liquid deposited onto the CNTs gets enough time
to break up into onduloidal droplets before being carbonized.

The spindle-like morphology of the primary PyC deposits (see
Fig. 2a) appear very elongated with small conical angles. Assuming
that this shape somehow reflects that of the primary axisymmetri-
cal droplets resulting from the PRI, it could be that it is influenced
by the way liquid films or jets break up at nanoscale. The break-
ing up mechanism is indeed dominated by the thermal fluctuations
once the fluctuation amplitude is in the same range as the liquid
film or jet dimensions [59,60]. The higher the thermal fluctuations
(and they are assumed to be high in our system, considering the
high furnace temperature - 1400 °C), the sharper the conical shape
of the droplets ends, to the detriment of the thickness of the thin
film left between the droplets.

Other wetting behaviors can also play to vary the shape of
the primarily-deposited morphology to make it different from the
spindle shape shown in Fig. 2a. For instance, the higher the surface
energy of the filament supporting the same liquid, the more elon-
gated and tapered the droplets [61]. Likewise, changing the rheo-

(7)

Tinstab ™~



G. Paredes, T. Ondarcuhu, M. Monthioux et al.

1400
1200
1000

800

A/ h,

600
400
200

0
1 10 100
Viscosity # (cp)

1000

Carbon Trends 5 (2021) 100117

n AMh, h, t
[cP] [nm] [us]

10 44 450 0,1
100 140 150 1
1000 440 45 10

10000

Fig. 6. Plot of A/hy ratio versus viscosity n using Eq. (6). In our system, hy may be replaced by (r + h) (with r = CNT radius, h = thickness of the liquid film onto it. The
Table shows some numbers extracted from the plot. The right-hand column provides the related instability time in viscid conditions, using Eq. (7).
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Fig. 7. Sketch (not at scale) of the morphological path from the rounded droplet originating from the PRI effect to the spindle-like PyC morphology resulting from carboniza-

tion.

logical properties of the liquid such as the shear modulus can also
elongate significantly the shape of the unduloidal droplets up to
making them "sausage-like" instead [49] (Fig. 5c4). Such primary
sausage-like droplets could be at the origin of the elongated cone-
bearing morphologies illustrated in Figs. 1a, 3b,c, and 5d Hence,
the liquid viscosity plays a key role as it is able to modify both the
morphology of the droplets and the unduloidal distance between
them [58]. Overall, the main motor of the tapering of the primary
PyC morphologies while starting from round-shape droplets could
merely be carbonization (Fig. 7).

The axisymmetrical droplets resulting from the PRI as sketched
on the left of Fig. 7 are in condition of partial wetting, meaning
that surface tensions are high at the interfaces. Then, because of
the progress of the carbonization which induces the vanishing of
the light hydrocarbon components of the droplets, and induced the
polycondensation of the PAHs, the droplets reduce in size, thereby
enhancing the effect of interfacial stresses and enforcing more and
more of the PAHs to align with respect to CNT surface, as already
proposed in [19]. This is the same process that makes graphitizable
a non-graphitizable polymer such as Kapton provided it is spread
out as a thin layer [62]. Ultimately, the carbonization is completed
and the aligned PAHs generate perfect, concentric graphene cylin-
ders, as imaged in [18]. The carbonization is certainly completed
rapidly, because of the 1400 °C of the furnace, i.e., in the range
of few seconds. An interesting comparison can be made with the
images found in [63], which show MWCNTs periodically covered
with droplet-like amorphous carbon beads as a result of electric

arc MWCNT synthesis experiments. In such conditions, only car-
bon atoms are present (in addition to Ar, the plasma-forming gas).
Therefore, the carbon beads could only result from the solidifi-
cation of molten carbon droplets (as enabled by the very high
temperature at the cathode, typically 6000-8000 K). As a conse-
quence, a colloid-like system involving PAHs could not form, and
the molten carbon droplet volume could not shrink either, because
no carbonization process was going on, and only a state transition
from liquid to amorphous solid took place instead. In addition, the
images in [63] are much more alike those in [45,46] (see Fig. 4c)
instead of ours, i.e., the cone/bead discrimination could not occur
in Ting’s experiments despite the system is similar to ours (tem-
perature, feedstock, MWCNT substrates). The reason is certainly
that the organic liquid formed in Ting’s experiments did not get
the chance to become colloid-like, due to the difference in the ex-
perimental conditions and specifically the lack of long times-of-
flight which are enabled in our system, and which are necessary
to promote an extended maturation of the gas phase.

Finally, it is reminded that the final step of our PyC deposition
process to obtain morphologies as illustrated in Figs. 1 and 3 cor-
responds to a dwell time of 2 h, during which the gas phase com-
position remains the same. Therefore, the pitch-like liquid phase
forms continuously onto the CNT surface. It is surprising, then,
to observe that the supporting CNT may not be fully covered by
PyC after a while, as in Figs. 1b and 3c for instance. The explana-
tion may relate to the behavior of a liquid when wetting a string
whose diameter is not constant. The difference in diameters cre-
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1. Primary spindle-like PyC

morphologies form

2. Subsequent pitch-like

liquid film condenses

3. The PRI operates, but the
Laplace pressure difference attracts the
droplets towards larger radius area

\ 8

4. CNT portion remains
unthickened

Fig. 8. (a) Behavior of a liquid film (here, silicon oil) deposited onto a conical string (with the radius increasing from left (100 um) to right (300 pm)). From top to bottom
(5 s between each image): first image, deposition of the liquid film; second image, the PRI operates; following images, the liquid is attracted towards the larger radius area;
reproduced with permission [64], Copyright 2004, Cambridge University Press. (b) Sketch (not at scale) of the same effect as in (a) applied to a CNT after the formation of
the first spindle-like PyC morphologies; Step b1 corresponds to the final step in Fig. 7; Step b2: a pitch-like liquid film condenses onto the CNT surface; Step b3: The PRI
breaks the liquid film into droplets, but the difference in Laplace pressure between both ends of droplets lying across areas exhibiting a diameter difference (at the cone/CNT
interface) makes them move towards the area of larger radius, thereby dragging in the same direction the other droplets still left on the CNT (area of equal diameter); Step
b4: the liquid gathers at the thickest part of the spindle, foreshadowing the cone-bearing bead morphologies of PyC as sketched in Fig. 1e. Of course, the liquid also forms
onto the spindle surface meanwhile, but is subjected to the same effect. It is not drawn for clarity.

ates a difference in the Laplace pressure which the liquid object is
subjected to, which induces the liquid to move towards the string
region of larger radius (Fig. 8a) [64,65]. This mechanism is cur-
rently exploited to enhance the trapping of condensed water and
collecting it from mist [66]. It is a key statement for our system
as it definitely eliminates the hypothesis of the deposition of pre-
formed droplets (the mist analogy), which is not able to explain
why droplets would not subsequently deposit on the CNT portions
located between two previously formed spindles. As the conical
parts grow in the mean time thanks to the contributions of the
radicals as discussed in [19], this mechanism can keep going as
long as the cones are not fully covered by the carbon coming from
the carbonized liquid, which ends up by exhibiting a bead mor-
phology as in Fig. 1b-d and 3a, or a fiber segment morphology
as in Figs. 1a, 3b,c and 5d This is consistent with the earlier ob-
servations which showed that the "bead" or "fiber segment” part
tends to overlap the cone part [18]. This mechanism also remains
consistent with the assumptions proposed in [19] which explained
the poorer graphene alignment in the "bead" of "fiber segment”
part by the fact that the PAHs contained in droplets in low wetting
conditions as imaged in Fig. 4a are subjected to limited interfacial
stresses (as opposed to what happens in axisymmetric droplets as
described in Fig. 7). This poor alignment of the graphenes is also
responsible for the rough surface aspect (as opposed to the cone
surface, whose roughness is at the atom scale [18] because the
feeding species are only small radicals).

A comprehensive scenario may now be given as sketched in
Fig. 9 (considering a single CNT and incremental steps for clarity,
although the continuous feeding of the gas phase over the whole
dwell duration makes the phenomena continuous as well):

Step 0: starting situation: a CNT is present, along with a gas
phase containing small radicals (possibly with a prevalence of car-
bon atoms), PAHs, and light hydrocarbons

Step 1: a pitch-like liquid condenses onto the CNT surface as a
liquid cylinder of nanosized thickness

Step 2: in the range of microseconds, the PRI operates and
breaks the liquid cylinder into nanosized rounded or "sausage-
like" droplets, depending on the liquid rheology. The appropriate
droplet/CNT diameter ratio and/or the CNT surface/liquid phase in-

terfacial tension make that droplets are in conditions of partial
wetting, making them axisymmetric. Because of the thermal fluc-
tuations possibly combined with the right liquid rheology and the
effect of the carbonization (see Fig. 7) the droplets are not rounded
but exhibit tapered ends. Meanwhile, the PAHs contained in the
droplets align parallel to the CNT surface because of the stresses
induced by the surface tensions.

Step 3: the droplets carbonize into concentric graphenes whose
length is as shorter as the diameter is larger, resulting in the pri-
mary spindle-like solid carbon morphology. The spindle surface is
made of graphene edges (also see Fig. 1e), now able to play the
role of active sites enabling the chemisorption of radicals.

Step 4: as the gas phase is continuously fed, liquid films keep
condensing everywhere (i.e., both onto the primary spindles, and
on the naked CNT parts). The liquid which happens to condense
on thickened parts (right column of the sketch) cannot form a film
because the droplet/nanotube diameter ratio is modified. The PRI
can no longer operate, and the wetting conditions switch from the
case of Fig. 4b to that of Fig. 4a.

Step 5: those liquid films behave differently than the primary
one (formed at Step 1) because they deposit onto a nanofilament
with diameter variations, which makes that the droplets formed
as resulting from the PRI are then attracted to areas of larger di-
ameter, i.e., the middle of the spindles (left column of the sketch)
or to both ends of the carbonized sausage-like morphologies (right
column of the sketch).

Step 6: all the liquids are now gathered onto the parts of larger
diameters, leaving the previously-naked CNT parts naked again.

Step 7: the condensed liquid carbonizes while the PAHs con-
tained are poorly aligned, generating the poorly aligned graphene
texture and rough surface. Meanwhile, since Step 3, cone parts may
grow from the radicals.

From this moment, Steps 3 to 7 repeat all along the duration of
the dwell time.

Overall, the most important parameters for allowing the pecu-
liar PyC morphologies illustrated in Figs. 1 and 3 to form are cer-
tainly the joint existence and proportions of the condensed liquid
phase and of small radicals. Commenting this further would be too
much speculative because of the lack of related experimental data,
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but several scenarios could be thought of in order to account for
the large variety of CNT-supported PyC morphologies which can be
obtained as described in [9], which would be worth investigating.

4. Conclusions

When pyrolytic carbon (PyC) is deposited onto carbon nan-
otubes (CNTs) as substrate, periodically-aligned, complex and pe-
culiar PyC morphologies can form, following mechanisms which
have remained poorly understood or poorly demonstrated for long.
Comparing the various observations that could be made and the
literature dealing with the dynamic behavior of liquid jets and
films resulted in revealing that the primary mechanisms driving
the formation of these PyC morphologies follow the same physics
laws which drive the wetting of strings by liquids at submillimeter-
scale down to microscale. This work then provides the demonstra-
tion that the physics of liquids wetting strings is still able to oper-
ate at very high temperature (1400 °C) and at nanoscale.

From the point of view of carbon material science, all the ob-
servations reported here concur to state that:

- the deposition process starts with the condensation of the or-
ganic species present in the gas phase as a pitch-like liquid
phase, i.e.,, containing polyaromatic hydrocarbons (PAHs) and
smaller molecules;

« this liquid phase does not form droplets in the gas phase (the
mist analogy), but condenses as a liquid film around each of the
CNTs (the morning dew analogy);

- this liquid phase is subjected to the same physical phenomena
as any other liquid wetting a string, ie.: (i) it breaks up into

periodically-aligned axisymmetrical droplets under the effect of
the Plateau-Rayleigh instability, before the droplets carbonize
into primary spindle-like PyC nanoobjects; (ii) in order to be
consistent with the dimensional characteristics observed, the
liquid has to be viscous (characterized by an Ohnesorge num-
ber Oh >> 1), which is consistent with its pitch nature, and its
rapid transformation into a solid upon carbonization; (iii) the
morphology of the axisymmetrical droplets can be modified ac-
cording to the rheology of the liquid, in particular the viscosity,
and in particular because of the nanoscale, so that to match the
morphologies observed; (iv) when deposited onto a CNT with
diameter variations, the pitch-like liquid is attracted to the ar-
eas of larger radius, explaining why the periodically-displayed
PyC morphologies can keep growing while leaving uncovered
the CNT parts in-between; (v) the same reason explains the
preferred formation of the rough-surface bead morphology at
the largest part of the primary spindle-like PyC objects.

after primary axisymmetrical droplets have formed and then
carbonized, the smooth-surface conical parts and the rough-
surface bead or fiber-segment parts from which the conical
parts protrude grow independently, hence supporting the hy-
pothesis that they do not grow from the same species; typi-
cally, radicals prevail for growing the cone parts, whereas PAHs
prevail for growing the rough parts.

Finally, in addition to demonstrating the transient existence of

a liquid phase in PyC deposition processes (at least for CVD pro-
cesses involving atmospheric pressure and long residence times or
times-of-flight), the work opens the door to a wetting-controlled
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engineering route for tailoring the morphology and surface en-
ergy of carbon nanofilaments. It is probable that this engineering
route should also work for chemical systems other than carbon-
based, for instance silicon-based, provided the same kind of reac-
tion chain may occur and that sufficient time is given for allow-
ing multiple recombination to take place until species condensable
into liquid can form.
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