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Abstract

Multi-Walled Carbon Nanotubes (MWCNTs) have promising properties that make them potentially useful in a
wide variety of applications. The decoration of MWCNTs by metallic or semiconducting nanoparticles aims to
intensify some of their properties, in particular thermal and electrical conductivity. Fluidized Bed Chemical
Vapour Deposition (FBCVD) is an efficient process to uniformly coat powders by various materials. The coating
by SnO,, Fe and Si nanoparticles of MWCNTs (Graphistrength®) tangled in balls of 360 microns in mean
diameter using the FBCVD process has been studied. The influence of some deposition parameters with and
without oxidative pre-treatment is analysed on the nucleation and growth of nanoparticles. The various results
obtained indicate that the intrinsic surface reactivity of MWCNTs is high enough for CVD precursors involving
the formation of highly reactive unsaturated species such as silylene SiH, formed from silane SiH, pyrolysis in
the case of Si deposition. But it must be enhanced for less reactive CVD precursors such as tin tetrachloride SnCly
which needs the presence of oxygen-containing groups at the nanotube surface to allow Sn nucleation. So,
provided the reactivity of the powder surface and that of the CVD precursors are well tuned, the FBCVD process
can uniformly coat the outer surface of MWCNTs by metallic or semiconducting nanoparticles.

Keywords: fluidized bed, chemical vapour deposition, multi-walled carbon nanotubes, nanoparticle deposition,

silicon, tin oxide, iron

1. Introduction

Multi-Walled Carbon Nanotubes (MWCNTSs) are nowa-
days a popular nanoform of graphenic carbon in which
graphenes are arranged more or less parallel to the nano-
filament axis. They have promising properties that make
them potentially useful in a wide variety of applications
such as electronics, renewable energy and composite ma-
terials. They exhibit a large surface area, high mechanical
strength, and unique electrical properties, and are effi-
cient thermal conductors (Monthioux et al., 2007). The
decoration of MWCNTs by semiconducting or metallic
nanoparticles (NPs) aims to intensify some of their physi-
cal properties. For instance, the deposition of silicon NPs
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on MWCNT networks allows the formation of anodes of
Li-ion batteries with improved electrochemical perfor-
mance due to the high specific capacity of silicon and
good mechanical strength and structural flexibility of
MWCNTs (Cui et al., 2010). Composites made of SnO,
NPs deposited on MWCNTSs present excellent sensing re-
sponses for gas detection at room temperature (Mendoza
et al., 2014). Metal-coated MWCNTs can be used as rein-
forcing and conductive fillers for high-performance poly-
mer composites by combining the electrical conductivity
of the metal and the mechanical properties of the nano-
tubes (Babal et al., 2014).

There are many methods of depositing nanoparticles
onto MWCNTs, each offering various degrees of control
of particle size and distribution along the MWCNTSs
(Wildgoose et al., 2006; Bacsa and Serp, 2012). They are
generally classified in two groups: the wet methods in-
cluding the electrochemical, sol-gel and impregnation
methods, and the gas processes such as Physical Vapour
Deposition (PVD), Atomic Layer Deposition (ALD) and
Chemical Vapour Deposition (CVD) (Kuang et al., 2006;
Bacsa and Serp, 2012; Goulas et al., 2014). The wet im-



pregnation method is the most widely used technique
even if a multi-step method, because of its simplicity
(Bacsa and Serp, 2012). However, the size of the coated
particles is difficult to control precisely (Kuang et al.,
2006). The gas processes yield products purer than the
wet methods. They are single-step methods and generally
involve high coating rates (Bacsa and Serp, 2012). CVD
on MWCNTs has often been used to deposit metallic (Pt,
Pd, Ru, Rh) or semiconducting (InP, CdSe) nanoparticles
(Bacsa and Serp, 2012), but most often at the milligram
scale, on nanotubes either deposited or supported on a pla-
nar substrate or put into a crucible as a fixed powder bed.

CVD can be adapted to the large-scale production of
coated MWCNTs provided a good gas-solids contact can
be achieved. Gas-solids fluidisation consists in flowing a
gas upwards through a vertical bed of particles, thus gen-
erating an intense gas-solids mixing and subsequently
high thermal and mass transfer rates between the gas and
the powders (Kunii and Levenspiel, 1991). Fluidisation
can be combined with the CVD technology, giving rise to
the Fluidized Bed Chemical Vapour Deposition (FBCVD)
process. If the MWCNTs can be fluidized, this technology
allows multi-gram-scale beds of nanotubes to be uni-
formly coated with a high conversion rate of the gaseous
precursor into solids, high versatility, good homogeneity
of products and the possibility of continuous operations
(Vahlas et al., 2006). This technology is also easy to use
and to rescale, and requires low equipment costs (Vahlas
et al., 2006).

Whatever the process used, a bottleneck in the coating
of MWCNTs by metallic or semiconducting materials of-
ten concerns their surface reactivity. Nanotubes are
formed of graphenes often arranged in a concentric man-
ner with both ends ideally capped by fullerene-like struc-
tures. Due to the seamless arrangement of hexagon rings
without any dangling bonds, carbon nanotube walls are
rather unreactive (Lin et al., 2003). Experimental obser-
vations have clearly shown that surface defects which are
inherently present play an important role in the adsorption
of atoms on MWCNTs. But as the density in defects is
generally low, a surface activation in the form of func-
tionalization or creation of defects at the carbon nanotube
surface is essential to achieve a high coating density
(Feng and Puddephatt, 2007; Bacsa and Serp, 2012). The
most common method at the lab scale is the oxidative acid
reflux that purifies and functionalizes the nanotubes in
one step by grafting hydroxyl (C-OH), carbonyl (C = O)
and carboxyl (O = C-OH) groups on the nanotube surface
(Bacsa and Serp, 2012; Vennerberg et al., 2014). However,
the liquid wastes generated by these wet oxidation meth-
ods are not suited to industrial use (Kim and Min, 2010).
Some works about gas-phase oxidation of CNTs using
either air (Ajayan et al., 1993; Behler et al., 2006) or nitric
acid vapours (Xia et al., 2009; Li et al., 2012; Rong et al.,

2010) at high temperatures have led to mixed results: the
CNTs were structurally damaged or far worse, even par-
tially burnt. Gas-phase oxidation from ozone (O;) is an
environmentally friendly and low-cost route to form oxy-
gen-containing groups on the CNT surface, even for mass
production (Vennerberg et al., 2014). This route will be
tested in the present work. By a pre-deposition of a tita-
nium carbide (TiC) layer by CVD acting as a surface
functionalization, Feng and Puddephatt (2007) have suc-
cessfully increased the surface coverage of CNTs by Ni,
Pd and Pt films deposited by CVD.

The present article aims to detail some examples of
MWCNT coating by FBCVD in order to provide new in-
sights concerning the interaction between a reactive gas-
eous phase leading to nanoparticle deposition and the
nanotube surface. Three deposits were selected involving
CVD precursors of very different reactivity and decom-
position pathways. Tin oxide deposition from tin tetra-
chloride SnCl, and water vapour will be first presented,
and then silicon deposition from silane SiH,, and finally
iron deposition from ferrocene Fe(CsHs),. In particular, it
will be shown that surface activation is not always neces-
sary to coat MWCNTs by metallic or semiconducting
particles.

2. Experimental set-up

The experimental set-up (Fig. 1) is composed of a ver-
tical stainless steel FBCVD reactor (internal diameter of
8.3 cm and 1 m in height) heated by a two-zone external
furnace. The top of the reactor is water-cooled to ensure
gas tightness. A high-performance HEPA13 filtration car-
tridge is placed at the exhaust of the reactor to collect any
elutriated particles.

At the bottom, a perforated steel plate provides a homo-
geneous gas distribution and the conical zone of the gas
inlet is pre-heated by either an oil bath or heating ribbons.
A differential pressure sensor (Unik5000; Druck Ltd.)
with taps under the distributor and at the top of the reac-
tor measures the pressure drop across the MWCNT bed.
An absolute pressure sensor (PR21; Keller) allows moni-
toring the total pressure below the distributor. Tempera-
ture is measured by several K-type thermocouples: three
in a small tube along the vertical axis of the reactor to
check the MWCNT bed isothermicity (T1 at 6 cm above
the distributor, T2 at 21 cm and T3 at 28 cm for the SnO,
and Si depositions, T1 at 6 cm, T2 at 12 cm and T3 at
21 cm for the Fe deposition), two on the outer reactor
walls to control the temperature furnace and one in the
bubblers when used.

Ferrocene Fe(CsHs), (98 %, Strem Chemicals) and tin
chloride SnCl, (anhydrous, 98 %, Strem Chemicals) are
used as received. Deionised water is mixed to SnCl, to
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Fig.1 FBCVD reactor.

deposit SnO,. Each is loaded into a specific bubbler
placed in a thermostatically controlled oil bath and con-
nected to the reactor entrance by thermostated controlled
gas lines. The bath temperature is fixed at 50 °C for SnCl,
and H,O and at 155 °C for ferrocene. All the gas lines are
heated by heating ribbons to the same temperature as the
precursor bubblers to avoid any premature condensation.
Gas flows (N50 N, and H,, Air Liquide) are regulated by
mass flow controllers (MFC-7700 type; Aera), except si-
lane (Electronic grade SiH,, Air Liquide) whose flow rate
is regulated by a ball rotameter (GT1355, Brooks Instru-
ment). The ozone generator (Lab2B, Ozonia) is connected
to the bottom of the FBCVD reactor and is fed with oxy-
gen (Alphagaz oxygen, Air Liquide), ensuring an ozone
concentration of 10 gh™'. All the experiments are per-
formed at atmospheric pressure.

Multi-walled carbon nanotubes (Graphistrength® C100;
Arkema) were used without any purification treatment.
As can be seen in Fig. 2a and 2b, they are entangled in
the form of coarsely spherical balls of 388 um in Sauter
diameter.

Nanotube walls are made of 10-15 concentric
graphenes with a mean external diameter of 12 nm. Some
amorphous carbon is present on the walls and internal de-
fects are visible (Fig. 2¢). Their intrinsic iron content is
1.35 wt%. Their skeleton density is 1.984 kg/m®, whereas
the grain density of the MWCNT balls was estimated at
~180 kg/m® and their untapped density is equal to 90 kg/

Fig.2 (a, b) SEM and (¢) TEM views of the raw MWCNTs.

m® (Coppey, 2013) As found by other authors in the case
of nanotubes (Yu et al., 2006; Dasgupta et al., 2011), these
MWCNT balls display very good fluidization perfor-
mance. They exhibit agglomerate particulate fluidization
(APF) characteristics between 0 and 3.3 U,y (minimum
fluidization velocity) and agglomerate bubbling fluidiza-
tion (ABF) features beyond 3.3 U, with high bed expan-
sion (Coppey, 2013). This behaviour is characteristic of
the fluidization of nanoparticle agglomerates (Zhu et al.,
2005; Wang et al., 2007). It should favour excellent gas-
solid contact and then high conversion rate of the CVD
precursors and also uniform deposition. The minimum
fluidization velocity U, of the MWCNT balls measured
at ambient temperature under N, is equal to 1.2 cm.s™!
(Coppey, 2013).

MWCNTs were analysed before and after ozone
pre-treatment and CVD by several characterization tech-
niques. The powder morphology was observed by Field
Emission Gun Scanning Electron Microscopy (FEG-
SEM) on a Jeol JSM-7100F linked to an Energy Disper-
sive X-ray (EDX) detector (X-MAX"N Oxford Instrument)
and High-Resolution Transmission Electron Microscopy
(HRTEM) using a CM30 (Philips) with LaB4 gun and op-
erated at 150 kV to minimise damaging irradiation ef-
fects. The SEM and TEM images presented in the article
were selected from many as the most representative ones
of each sample. X-ray Diffraction (XRD) results were ob-
tained using a D8-2 (Drucker) with a monochromatic Ka
copper (Cu) source (A= 1.5418 A). The iron weight per-
centage deposited on MWCNTs was measured by
ICP-MS (XSeries2 Thermo Scientific).

A dimensionless bed pressure drop AP* was calculated
as the ratio between the bed pressure drop and the theo-
retical one (the latter being equal to the bed weight per
unit section area). The bed pressure drop was obtained by
subtracting the pressure drop of the distributor from the



differential pressure measured.

The operating conditions tested are detailed in Table 1.
100 g of MWCNTs were used for each experiment, corre-
sponding to a ratio between the fixed bed height and the
reactor diameter of 2.3. Such a ratio is necessary to ensure
good thermal transfer between the reactor walls and the
FB and isothermal bed conditions, which are both well-
suited to thermal CVD. The fluidization ratio U/U,,; was
fixed to 4 to ensure a good compromise between the
gas-particle mixing and the residence time of the gas in
the bed. For liquid and solid precursors, the gaseous pre-
cursor molar fractions entering into the reactor were esti-
mated by assuming the equilibrium in the bubblers and
using the vapour pressure laws of Yaws (1999) for SnCl,
and of Emel’yanenko et al. (2007) for ferrocene.

3. Results
3.1 Process behaviour

Fig. 3 presents the dimensionless bed pressure drop
and thermal profile measured during run nCNT3. They
are characteristic of the overall results obtained. The ther-
mocouples Tl and T2 are located in the fluidized bed
whereas T3 is just above the FB. Indeed, in a preliminary
study conducted in a glass column, the fluidized bed
height was measured at U/U,,= 4 as varying between 25
and 27 cm (Coppey, 2013).

This explains that the temperatures measured by TI
and T2 are very close to each other, thanks to the good
gas-solids mixing and particle-wall contact existing in the
fluidized bed. The bed thermal gradient did not exceed
5 °C for all the CVD experiments. The temperature mea-

sured by T3 is lower because the thermocouple is located
in a region where the fluidized particles are more diluted
in the gas and then it is directly in sight of the reactor
walls.

The T1 and T2 temperatures were not adversely af-
fected by the deposit, probably due to the quite low inlet
molar fractions of the precursors tested. The T3 tempera-
ture decreases with run duration because the fluidized
bed height tends to decrease due to the grain density in-
crease induced by the deposit.

The dimensionless bed pressure drop AP* progres-
sively increased during deposition, which is indicative of
the good fluidization of the bed. This allows the increase
of the bed weight due to deposition to be followed in real
time. The agreement between the deposited masses de-
duced from the bed pressure drop and those obtained by
weighing the bed before and after deposition is good on
average, confirming that the bed of MWCNTs remained
fluidized during the whole experiment.

The elutriation of the powder was low, on average less
than 1 wt% of the bed after the CVD experiments. This is
due to the fact that the MWCNT balls were not broken by
the FBCVD treatment: the Sauter diameter of the powders
after CVD remained very close to that before treatment,
as measured by laser size scattering analysis (not shown).

3.2 SnO, deposition

Possible CVD precursors of SnO, are SnCl,, Sn(CH3),,
(CH3),SnCl, and SnH, (VanMol, 2003; Coppey, 2013). By
oxidation with O, or hydrolysis with H,O, these precur-
sors form a SnO, layer. The most commonly used precur-
sor is tin tetrachloride SnCl, mixed with water, for which
the deposition conditions are quite well established (Li

Table 1 Operating conditions tested and experimental results obtained

Run Substrate ~ Target Averagebed Run duration  Precursorand  Deposited mass Conversion
deposit temperature (min) inlet molar % deduced from  rate of the main
°C) bed weighing (g)  precursor (%)

SnCl,—0.9

T02 Raw CNTs  SnO, 500 90 H,0—1.8 27 78
SnCl,—0.5

TO05 Raw CNTs  SnO, 550 125 H,0—1.9 17 90
SnCl,—0.5

T06 H,0-CNTs  SnO, 550 120 H,0-19 15 79

S30 Raw CNTs Si 500 60 SiH,—7 40 100

W6 H,0-CNTs Si 500 60 SiH,—7 38.6 100

nCNT3  Raw CNTs Fe 650 180 Fe(CsHs),—2.3 57 87

nCNT9  O3;-CNTs Fe 650 180 Fe(CsHs),—2.3 52.5 100

nCNTIO  O3;-CNTs Fe 550 180 Fe(CsHs),—2.3 37.8 90

nCNTI3 Raw CNTs Fe 650 180 Fe(CsHs),—2.3 40 84
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Fig. 3 Bed thermal profile and dimensionless pressure drop
during run nCNT3 (the dotted lines indicate the begin-
ning and the end of the deposit).

and Hua, 1997; VanMol, 2003; Coppey, 2013). This route
has been used here.

Fig. 4a presents SEM images of the MWCNT balls after
run T02 was performed at 500 °C as detailed in Table 1.
The deposit appears as micron-size particles at the ball
surface, predominantly in the interstices and cracks
within the balls. At higher magnification (Fig. 4b), some
particles of the deposit can be distinguished. They present
a pyramidal form, characteristic of crystalline materials.
Their size ranges from a few hundred nanometres to sev-
eral microns. The largest ones might be made up of ag-
gregates of primary particles of the deposit. So, the
surface coverage of the MWCNTs is low.

Some SEM-EDX analyses on MWCNT balls which had
been opened along their hemisphere (Fig. 5) reveal that
the SnO, particles are present everywhere inside the balls.
This means that the mass transfer rate inside the porous
MWCNT balls is higher than or equal to the heterogeneous
reaction rate, probably thanks to the quite low reactivity
of the SnCl, precursor on the nanotube walls. Table 2
summarizes the chemical reactions and pathways avail-
able in the literature about SnO, CVD from SnCl,/H,0. It
appears that at our deposition temperature (500 °C), seeds
can be formed in the gas phase and can then be captured
by the particles of the bed to act as nuclei for the deposit
(Li and Hua, 1997). A direct heterogeneous deposition
pathway also exists. The two pathways could co-exist in
our conditions.

In order to increase the reactivity of the precursors and
then the direct nucleation on the MWCNT surface, a
higher temperature was imposed for run T05. The H,0O/
SnCly ratio was also increased in order to favour the
water adsorption on the MWCNTs and then to intensify
the MWCNT surface reactivity. H,O adsorption on the
substrate is also necessary to allow Sn (Wartenberg et
Ackermann, 1988) to be deposited.

Fig. 4c shows that the number of deposited particles
seems to have decreased in comparison with run T02.

Fig. 4 SEM images of MWCNTs after (a, b) run T02, (c, d)
run TOS, (e, f) run TO6 (SnO, deposition).

250 pm

Fig. 5 (a) SEM image of a cut MWCNT ball after SnO, depo-
sition, (b) corresponding EDX cartography of Sn (run
T02).

This has been confirmed by the entire SEM analyses per-
formed for these runs. Their formation still occurs pre-
dominantly in the interstices of the MWCNT balls. At
higher magnification (Fig. 4d), the size of the particles
seems larger than for run T02. As detailed in Table 1, the
conversion rate of SnCl, is higher than for run T02 (90 %



Table 2 Chemical reactions and pathways involved in the CVD of SnO,, Si and Fe

Deposit Homogeneous chemical reactions

Heterogeneous chemical reactions References

SnO, Unknown reaction pathway leading to SnO, From 200 °C:
SnCl, +2 H,0 — SnO, + 4 HC1
Necessity of H,O adsorption on

fines formation above 400 °C at sufficiently
high SnCl, and H,O concentrations

Li and Hua (1997)—Van
Mol (2003)—Wartenberg
and Ackermann (1988)

the substrate to deposit Sn

Si SlH4 g SIHZ + H2
S1H2 + SIH4 g Si2H6
SiH, + SizHpq 42 < Sig+ Hog 4

Fe Possible homogeneous formation of Fe;C

than 500 °C

SIH4 — Si+2 Hz
SIH2 — Sl + H2
SinH2n+2 —nSi+ (l'lJr 1) H2

Under N,:
particles and of CNT at temperatures higher Fe(CsHs), — Fe +2 CsHs

Reuge et al. (2009)—Liu
and Xiao (2015)

Lubej and Plazl (2014)—
Wasel et al. (2007)—
Senocq et al. (2006)

Under H,:
FC(C5H5)2 + Hz — Fe+2 C5H6

Under H,O0:
4 FC(C5H5)2 +45 Hzo — 4 Fe +
35CO +65H, + 5 CO,

instead of 78 %), meaning that the reactivity of the SnCl,/
H,O mixture was increased but the surface reactivity of
the MWCNTs still remained too low. It can be concluded
that the concomitant increase of the temperature and of
the H,O/SnCl, ratio was adequate to increase the precur-
sor reactivity on already formed nuclei since growth was
intensified, as found by Li and Hua (1997). However, this
increase of precursor reactivity was not high enough to
enhance SnO, heterogeneous nucleation on the graphenic
surface of the MWCNTs, which is clearly the limiting
step of the deposit, as found by Feng and Puddephatt
(2007) for Ni deposition on CNTs.

In order to increase the MWCNT surface reactivity, a
pre-treatment of the nanotube bed using water vapour was
finally applied during 60 min at 650 °C at a fluidization
ratio U/U,r of 4, just before proceeding with the deposi-
tion using conditions close to those of run TO0S. Fig. 4e
shows that after run T06, the deposit is mainly formed of
nanosized particles even if some larger particles are pres-
ent in which MWCNTs seem to be embedded, as shown
on Fig. 4f.

So, the surface reactivity of the MWCNTs towards the
SnCl/H,O precursors has been intensified by the water
pre-treatment since the nucleation is clearly higher than
for the previous runs. The fact that some MWCNTSs have
been trapped by the deposit in the largest deposited parti-
cles confirms the higher wettability of the MWCNT sur-
face by the deposit.

The conversion rate of SnCly is lower than for run TO0S,
in fact quite close to that of run T02. This could mean that
the nucleation rate on the graphenic surface remained
lower than the growth rate on the already formed nuclei.
An autocatalytic behaviour could exist, as it is often the
case in the CVD of metals (Feng and Puddephatt, 2007).

Fig. 6 TEM images of MWCNTs after (a, b) run S30, (¢, d)
run W6 (silicon deposition).

3.3 Si deposition

Silicon CVD precursors are most often chosen among
the silanes (silane SiHy, disilane Si,Hg), the silicon chlo-
rides (SiHCl;, SiH,Cl,) or the organosilanes (in particular
trimethyl silane SiH(CHj3);) (McEvoy et al., 2013). Even if
pyrophoric, silane presents the advantages of producing
pure silicon deposits at temperatures lower than 700 °C
without any corrosive by-products, which explains its
massive use in the microelectronic and photovoltaic in-
dustry (Braga et al., 2008; Reuge et al., 2009; McEvoy et
al., 2013).

Figs. 6a and 6b present TEM views of the MWCNTs
after run S30 performed at 500 °C, as detailed in Table 1.



Silicon is present everywhere in the MWCNT balls, tak-
ing the form of nanoparticles of 20 nm in average diame-
ter. This indicates that the mass transfer into the porous
balls is not a limiting step of the process, as for the SnO,
deposition. The nanoparticles are predominantly present
on structural defects of the MWCNT surface.

The conversion rate of silane was 100 %, probably due
to the high surface area of the MWCNT powder and to
the quite high reactivity of silane.

The silicon nanoparticles are clearly more numerous
and smaller than the SnO, particles. These results mean
that the reactivity of silane is higher than that of the
SnCl,/H,O mixture. However, a nucleation limitation still
exists for Si deposition since the surface coverage of the
MWCNT surface is not 100 %. It is well-known that, as
detailed in Table 2, when silane is heated to temperatures
higher than 370 °C, pyrolysis reactions occur in the gas
phase leading to the formation of very reactive unsatu-
rated molecules such as silylene SiH,. It is likely that
these unsaturated molecules are the origin of the first for-
mation of nuclei on the MWCNT surface.

They are probably much more reactive than the species
formed during the depositions from SnCl,/H,O. However,
they are not reactive enough to chemisorb and form nuclei
everywhere on the inert MWCNT surface. Once the first
Si nuclei are formed on the nanotube surface, the growth is
probably easier as shown by Zahi et al. (2011) on SiO, pla-
nar substrates, explaining the 100 % conversion of silane.

In order to intensify the surface reactivity of the
MWCNTs, a pre-treatment using water vapour at 650 °C
was applied during 60 min at a fluidization ratio of 4 just
before the deposition using the conditions of run S30, as
detailed in Table 1. The conversion rate of silane for run
W6 was still 100 %. As can be seen in Figs. 6¢ and 6d, no
significant difference can be seen regarding the morphol-
ogy of the deposit between this run and run S30. The size,
localisation and surface density of the Si nanoparticles are
unchanged. It can be concluded that for the conditions
tested, the water pre-treatment has not modified the sur-
face reactivity of the MWCNTs for the silicon deposition
from silane.

If we compare with the SnO, deposition results, the
same pre-treatment was applied to the MWCNTs. In the
case of SnCl,/H,0, an increase of the deposit nucleation
had occurred, whereas this was not the case for silane. As
previously explained, SnCl; needs a preliminary H,O
adsorption step for allowing the chemisorption of Sn to
occur. It is then logical that the SnO, deposition is intensi-
fied by an H,O pre-treatment. On the contrary, the surface
reactivity of the chemical species responsible for silicon
deposition is not intensified by the H,O pre-treatment.
Previous works (Zahi et al., 2011) about the first steps of
nucleation and growth during silicon CVD from silane on
planar substrates have shown that substrates covered by

hydroxyl (OH) groups involve a quite low surface reactiv-
ity of unsaturated species such as SiH, due to the high
electronegativity of the oxygen atom. For the Si FBCVD
process, the creation of more defects on the MWCNT sur-
face would probably have been more efficient to increase
Si nucleation.

3.4 Fe deposition

Among the possible CVD precursors of iron, ferrocene
(Fe(CsHs),) is an organometallic compound stable in air
and non-toxic, quite cheap and easy to sublimate, forming
stable vapour to feed the CVD reactor (Philippe, 2006;
Senocq et al., 2006) and able to deposit pure iron (Stauf et
al., 1987; Dormans, 1991).

As detailed in Table 1, the deposition temperature was
fixed at 650 °C, except for nCNT10 (550 °C) because of
the reactivity increase of ferrocene induced by the pres-
ence of hydrogen (Wasel et al., 2007; Qian et al., 2001).

Under an inert atmosphere (N,), Figs. 7 and 8a show
that the deposit occurs in the form of discrete iron-based
nanoparticles of 50—500 nm in diameter confined in a
graphenic carbon shell and present everywhere in the
MWCNT balls. This has been confirmed by SEM-EDX
analyses (not shown) at the ball scale.

This uniform distribution indicates that the mass transfer
into the porous balls is not a limiting step of the process,
as for the previous deposits. But the surface coverage of
the MWCNTs is low. So, a nucleation limitation also ex-
ists for this deposit. X-Ray Diffraction (XRD) analyses
(Fig. 9) indicate that the nanoparticles are composed of
iron and iron carbide Fe;C for all runs. A possible expla-
nation is that the homogeneous decomposition of ferro-
cene under N, is auto-catalytic beyond 500 °C (Senocq et
al., 2006) and forms Fe;C particles (cementite) which can
then be captured by the nanotubes of the bed. Some
nanoparticles could also directly nucleate on the MWCNT
surface, probably on surface defects like for silicon. Some
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Fig. 7 SEM image of MWCNTs after run nCNT3 (deposition
from ferrocene).



of the nanoparticles seem to catalyse the formation of
nanofibres (CNFs) or of large CNTs.

Ferrocene is indeed known to be a precursor of both
iron and carbon nanomaterials (Bhatia and Prasad, 2010).
Carbon coming from the ligands lost by ferrocene during
its decomposition could saturate iron nanoparticles to
form Fe;C and then CNTs and/or carbon nanofibres
(CNFs).

The conversion rate of ferrocene into iron deposited
within the MWCNT balls was deduced from ICP-MS
measurements and bed weighing. It is 87 %, as detailed in
Table 1. ICP-MS measurements indicate that the powder
after run nCNT3 is composed of 11.8 wt% of iron (with-
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Fig. 8 TEM images of MWCNTs (a) run nCNT3—insert: view
of a Fe nanoparticle forming (a) CNF, (b) run nCNT9,
(¢) run nCNT10, (d) run nCNTI3 (deposition from
ferrocene).

out removing the initial iron content).

The same deposition conditions were tested after an O;
pre-treatment (nCNT9) in order to increase the surface
reactivity of MWCNTSs and then the nucleation of iron.
TEM images (Fig. 8b) indicate that the deposit produces
10-100-nm-size iron-based particles more uniformly dis-
tributed at the TEM scale than previously. The deposited
particles are then more numerous and smaller than previ-
ously. These two effects and the more uniform presence
of nanoparticles on the nanotube surface could be a con-
sequence of ozonation. By grafting oxygen-containing
groups (hydroxyl or carboxyl) onto the nanotube surface,
ozonation increases the nucleation of iron-based nanopar-
ticles and then the surface reactivity of MWCNTSs towards
ferrocene and its gaseous products of decomposition. This
is confirmed by the ICP-MS iron content of 17.6 wt% in
the powder and by the higher ferrocene conversion rate
(close to 100 %), as detailed in Table 1. However, the de-
posited nanoparticles are still covered by graphenic shells,
CNFs/CNTs are still formed and the deposit is still com-
posed of Fe and Fe;C (Fig. 9). Moreover, a large amount
of amorphous carbon was deposited everywhere.

The addition of H, at a volume percentage higher than
25 % is known to limit CNF/CNT growth and amorphous
carbon formation (Wasel et al., 2007; Qian et al., 2001).
Consequently, H, was added with a H,/N, ratio of
67/33 vol.% during run nCNT10. TEM images (Fig. 8c)
reveal less numerous iron-based nanoparticles which are
less uniformly distributed at the TEM scale. These Fe/
Fe;C particles are smaller (20-50 nm) and still covered by
graphenic shells but no CNFs/CNTs were observed and
the large amount of amorphous carbon previously re-
ported is absent. So, the addition of H, seems to have in-
hibited the formation of both the amorphous carbon and
the CNT/CNFs, but seems also to reduce the nanoparticle
nucleation and growth, as confirmed by the ICP-MS iron
content of 13.7 wt% and by the ferrocene lower conver-
sion rate (90 %).

According to Senocq et al. (2006), the addition of water
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Fig. 9 XRD spectra of MWCNTs after deposition from ferro-
cene.



vapour to ferrocene could favour the formation of pure
iron films under conditions close to ours. The run
nCNTI13 was then performed in the presence of water va-
pour. TEM images are shown in Fig. 8d. Less numerous
and less uniformly distributed Fe;O,/Fe;C nanoparticles
are covered by graphenic shells and have catalysed the
formation of large CNFs/CNTs. Their diameter is related
to the nanoparticle size, ranging between 10 and 100 nm.
The ICP-MS iron content is 12.3 wt%, which is similar to
that of run nCNT3. This means that under the conditions
tested, the addition of water vapour does not favour the
deposition of pure iron nanoparticles as expected. It even
seems to lower the ferrocene reactivity in proportion close
to that observed in the presence of hydrogen, as indicated
by the ferrocene conversion rate of 84 % given in Table 1.

When compared with the two previous deposition ex-
periments (SnO, and Si), the use of ferrocene involves not
only a nucleation limitation on the nanotube surface as
strong as for the SnCl,/H,O system, but also a difficulty
to form pure iron deposits, which was not the case of the
two previous deposits studied. When compared with other
works performed on steel, quartz or Si planar substrates
(Stauf et al., 1987; Dormans, 1991; Senocq et al., 2006),
this difficulty to deposit pure iron is clearly reinforced by
the chemical nature of the MWCNT surface. A pre-deposit
of TiC as done by Feng and Puddephatt (2007) could im-
prove both the surface reactivity of the MWCNTSs and the
selectivity of ferrocene decomposition to produce pure
iron deposits.

4. Conclusion

Multi-walled carbon nanotubes were decorated by three
kinds of nanoparticles from precursors of very different
reactivity using the fluidized bed chemical vapour deposi-
tion process.

When comparing the results obtained in terms of nu-
cleation of nanoparticles on the nanotube surface, it
clearly appears that the intrinsic reactivity of the CVD
precursors is a key factor. The most reactive precursor we
studied, silane SiH,, forms many silicon nanoparticles of
several tens of nanometres on the nanotube surface, with-
out any nanotube pre-treatment. This is not the case with
the less reactive SnCl/H,0O system for which the nucle-
ation of SnO, nanoparticles was favoured by an H,O
pre-treatment. A third situation was observed using ferro-
cene, for which not only a nucleation limitation on the
nanotube surface exists, but also a difficulty to obtain
pure iron deposits which seems reinforced by the chemi-
cal nature of the nanotube surface. However, an ozone
pre-treatment of the nanotubes made it possible to in-
crease the iron deposition.

So, the FB-CVD process can successfully decorate car-

bon nanotubes by metallic or semi-conducting nanoparti-
cles provided that the reactivity of the precursors towards
the nanotube surface is high enough. If this is not the
case, a dry mode pre-treatment of the nanotubes by ozone
or water vapour can be efficient if the surface modifica-
tion involved is well-suited to the precursor reactivity.
The reactive pathways of the precursor must then be anal-
ysed accurately before deciding whether to apply a
pre-treatment and what kind of pre-treatment.

In comparison with the wet methods, a main advantage
of the dry mode pre-treatments in fluidized beds and of
the FB-CVD process is that they can treat large amounts
of carbon nanotubes, i.e. 100 g at lab-scale and tons at the
industrial scale, opening the way for a mass production of
decorated MWCNTs for applications such as nano-fillers
of innovative multi-functional composite materials or
high-capacity anodes for Li-ion batteries.
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