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The fluidized bed MOCVD process has been studied in
order to uniformly deposit iron nanoparticles on the outer
surface of multi-walled carbon nanotubes (MWCNTYS)
tangled in balls of 388 um in diameter. Using ferrocene
as organometallic precursor at atmospheric pressure, var-
ious reactive atmospheres of deposition (under N, air
and H,) and an ozone O; surface pre-treatment of
MWCNTSs were tested. Around 10 g Fe/100 g MWNCTs
were deposited during each run. Under N, at 650 °C on
the raw MWCNTS, nanoparticles formed of Fe and Fe;C
were deposited which have catalyzed the formation of

1 Introduction These last years, the aeronautic field isin-
tensively looking for the mass reduction of planes to make
them greener and more economica regarding fuel con-
sumption. Their frame structure is today constituted of
composite materials but it is not the case of the on-board
electronic equipment packaging which is made of alumi-
num. To make this packaging lighter, new multifunctional
composite materials need to be developed to replace alu-
minum while keeping its electrical and thermal evacuation
capacities and mechanical propertiesin extreme conditions.
Combination of carbon nanotubes (CNTs) and polymer
matrix represents a promising alternative. CNTs are al-
ready used as reinforcement of polymers [1], but the final
products do not exhibit a real improvement in its electrical
and/or thermal behavior, despite the remarkable properties
of CNTsin terms of conductivity [2, 3]. Thiswork aimsto
improve the electrical and thermal conductivities of CNTSs,
and consequently those of the final composite material, by
ametallic deposition of a continuous film or of homogene-
oudly dispersed nanoparticles on their inert surface.

carbon nanofibers (CNFs). 20 h of ozone (Os) pre-
treatment improved the number and distribution of iron
nanoparticles but without increasing the surface coverage
of nanotubes. A more intense amorphous carbon deposit
also appeared. Under H, at 550 °C, the amorphous car-
bon was partly eliminated but fewer iron nanoparticles
were present. Under air at 450 °C, a pat of the
MWCNTSs was lost and a Fe,O; shell covered each re-
maining MWCNTSs ball. New works are in progress to
increase more markedly the surface reactivity of
MWCNTs and to deposit pure iron.

The metallization of CNTs is rapidly developing but
most often by liquid solution methods, such as electroless
deposition or liquid impregnation [4]. To produce in mass
metallized CNTs, such technics would rapidly lead to large
volumes of liquid effluents and then to strong environ-
mental operating constraints and costs. Chemical Vapour
Deposition (CVD) is a dry mode process which has been
comparatively less studied for metallizing CNTs. Some
works can however be found about the deposition of Pt [5],
Ni [6] or Cu [7]. Some metalloids (Si [8]) and oxides (TiO,
[9] and SnO, [10]) have also been deposited. The Fluidized
Bed (FB) technology ensures a good mixing of the powder
by the fluidization gas and then is an excellent contactor to
perform CVD on multi-walled CNTs (MWCNTSs) entan-
gled as micro-balls [8]. The FB-CVD process is today the
most efficient route to industrially produce MWCNTSs by
catalytic CVD [11]. So, developing a FB-CVD process for
metallizing MWCNT balls would be economically and en-
vironmentally very interesting. To the best of our knowl-
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edge, no work has been published about metal deposition
on CNTshby FB-CVD.

Whatever the deposition method, the metals bind only
weakly to the nanotube surface due to its chemical inert-
ness [6]. Oxidation of CNTs by exposure to concentrated
acids, in particular nitric acid (HNOy), is a popular func-
tionalization method to increase their surface reactivity at
the lab-scale [12]. Hydroxyl (C-OH), carbonyl (C=0)
and/or carboxyl (O=C-OH) chemical groups can thus been
formed, which additionally improves CNTs dispersion and
interfacial behaviour with various polymer matrices [13].
However, the liquid wastes generated from these wet oxi-
dation processes together with the tedious purification pro-
cedures would greatly limit their further development for
industrial application [13]. Some works about gas phase
oxidation of CNTs have been performed using either air
[14, 15] or nitric acid vapours [16-18] at high temperature
leading to mitigated results: the CNTs were structurally
damaged or for worse partially burnt. The gas-phase oxi-
dation from ozone (O3) is an environmental friendly and
low cost route to form oxygen containing groups on the
CNTs surface, even for mass production. Vennerbeg et al.
[12] have successfully oxidized MWCNTs by an
ozone/oxygen mixture in a lab-scale fluidized bed (con-
taining 1 g of CNTs). After only a few tens of minutes of
treatment, significant levels of oxidation (8 at.% O) were
achieved with little damage to the nanotube sidewalls. Ex-
posures of 60 min led to the formation of mainly carbox-
ylic acid groups.

Iron isthe first metal selected to coat MWCNTSs in this
study. It has good thermal (80.2 Wm™K™) and electrical
(9.93x10° Sm™) conductivities. Among the possible CVD
precursors, iron pentacarbonyl Fe(CO)s presents a quite
high volatility and is known to produce pure iron deposits
[19, 20], but this precursor is highly toxic. This is the rea
son why it has not been chosen for our study. Iron trichlo-
ride FeCl; presents alow volatility, needs high temperature
(>600 °C) to form iron films, and forms corrosive by-
products [20]. A previous study of our group [21] aimed to
deposit iron on alumina powders by FB-CVD. Two iron
precursors have been compared, iron acetylacetonate
Fe(CsH;0O,); or Fe(acac); and ferrocene Fe(CsHs),. Vari-
ous operating parameters have been tested, in particular
two oxidative atmospheres, N,+air and N,+H,O vapor. The
purest iron oxide deposits have been obtained using ferro-
cene under Ny+air, the deposits from iron acetylacetonate
being aways carbon contaminated. Moreover, ferrocene
presents a higher volatility than Fe(acac)s, it is stable in air
and non-toxic, quite cheap and easy to sublimate to form
stable vapour to feed the CVD reactor [22]. This explains
why we have chosen to work with ferrocene. This precur-
sor is also known to form carbon nanotubes [23, 24], but
this formation can be controlled by modifying the reactive
atmosphere. The addition of H, is known to highly limit
the formation of carbon products [25, 26]. As previously
said, Philippe [21] has succeeded in depositing pure iron

oxide films using ferrocene under N,+air. In a second step,
these iron oxide films have been reduced under H, at high
temperature to form iron films.

In this framework, the present study aims to develop
and optimize the FB-CVD process in order to uniformly
coat the outer surface of MWCNTSs by iron using ferrocene
as precursor. Pristine and O; treated MWCNTS have been
studied in either inert (N,) or oxidant (air) or reductive (Hy)
CVD atmospheres.

2 Experimental Our experimental set up is presented
in Fig. 1 and consists in a vertical stainless steel FB-
MOCVD reactor (internal diameter of 8.3 cm and 1 min
height; reference (1) in Fig. 1) heated by a two-zone exter-
nal furnace (2). At the bottom, a perforated steel plate (3)
provides a homogeneous gas distribution. A high perform-
ance HEPA 13 filtration cartridge (4) is mounted before the
exhaust of the reactor to collect any elutriated particle. The
ferrocene (Strem Chemicals) is used as received. It is
loaded in a sublimator (5) placed in athermostated oil bath
and connected to the reactor entrance by a thermostated
gas line. Gases (N,, air and H,; Air Liquide) as well as
ferrocene vapours are carried out to the bottom of the reac-
tor. All of the gas lines are heated by silicon heater bands
at the same temperature as the precursor sublimator to
avoid any ferrocene condensation. Gas flows are controlled
by mass flow meters (FC-7700 type; Aera) except for air
which is controlled by a ball rotameter (GT1355; Brooks
Instrument). A differential pressure sensor (Unik5000;
Druck Ltd.) measures the total pressure drop across the
MWCNTSs bed. An absolute pressure sensor (PR21; Keller)
allows monitoring the total pressure below the distributor.
Temperature is monitored by several K-type thermocou-
ples: three in a small tube aong the vertical axis of the re-
actor to check the MWCNT bed isothermicity, two on the
outer reactor walls to control the temperature furnace and
one into the sublimator. The ozone generator (Lab2B,
Ozonia) is connected to the bottom of the FB-CVD reactor
and is fed with oxygen (Oxygen Alphagaz, Air Liquide),
ensuring an ozone concentration of 10 gh'™* for a total gas
flow rate of 10 sim. All the experiments are performed at
atmospheric pressure.

Multi-walled  carbon  nanotubes  (GRAPHIS-
TRENGTH® C100; ARKEMA) are tangled in spherica
balls of 388 um in Sauter diameter and look like black
powder. Some amorphous carbon is present onto the walls
and internal defects (compartments) are visible (Fig. 2).
The wall number is between 5 and 15 and the external di-
ameter between 7 and 15 nm. Their catalytic iron content is
of 5.8 wt%. Their minimum fluidization velocity Uy
measured at ambient temperature under N, is equa to
1.2cms™

MWCNTSs were analysed before and after ozone pre-
treatment and CVD by severa characterization techniques.
Thermogravimetric analysis (TGA) is performed in a
thermobalance Q600 (TA Instrument) with a 10 °Cmin’*
ramp from room temperature to 1300 °C (estimation of the



Figure 1 Experimental set up.

Table 1 Experimental CVD conditions.

Run Type Deposition Gas
temperature

1 Fe-N,-Raw 650 °C N,

2 Fe-N,-O5 650 °C N,

3 Fe-Air-Raw 450 °C No/Air

4 Fe-H,-05 550 °C No/H,

Figure 2 (a) FEG-SEM view of the MWCNTSs balls and (b)
HRTEM view of a nanctube.

deposit mass) and to 1000 °C (qualitative analysis of the
Os; pre-treatment influence) under air and N, respectively.
The powder morphology was observed by field emission
gun scanning electron microscopy (FEG-SEM) on a Jeol
JSM-7100F associated to an energy dispersive X-ray
(EDX) detector (X-MAX" Oxford Instrument) and high
resolution transmission electron microscopy (HRTEM) us-
ing a CM30 (Philips), LaBe gun and operated at 150 kV to
minimise damaging irradiation effects. X-ray diffraction
(XRD) results were obtained using a D8-2 (Drucker) with
amonochromatic Ko copper (Cu) source (. = 1.5418 A).
The operating conditions tested are detailed in Table 1. 100 g
of MWCNTSs were used for each experiment, correspond-
ing to aratio between the fixed bed height and the reactor
diameter of 2.3. Such aratio is necessary to ensure good
thermal transfer between the reactor walls and the FB and
then isothermal bed conditions which are well-suited for
thermal CVD. The aim of the ozone trestment and of the
CVD of iron is to uniformly treat the whole outer surface
of MWCNT balls, i.e. to operate in kinetically-limited re-
gime: the mass transport step of the reactive molecules
through the porous media constituted by the bed and the
MWCNTSs balls must be more rapid than the chemical het-
erogeneous reaction step. The existence of this regime de-
pends on numerous parameters, in particular the kinetics of
the heterogeneous reactions, the surface reactivity of the
powder and the operating conditions chosen. These pa
rameters are difficult to a priori know for the present work.
The ferrocene initial weight placed in the sublimator was
fixed to 85 g.

3 Results and discussion

3.1 MWCNTSs pre-treatment by gaseous ozone

Ozone treatment in fluidized bed was applied during
20 h, with sampling after 1, 3, 9 and 20 h of treatment.
TGA results under N, are presented in Fig. 3. The raw
nanotubes are quite stable at temperatures up to 550 °C
under N,. As observed by Kim and Min [13], the ozone
treatment decreases the thermal stability of MWCNTSs. The
higher is the treatment duration, the lower is their thermal
stability. After 1 h, the weight loss at 550°C is of 1.5 %, af -
ter 3 h, it reaches 2.1 %, whereas it stabilizes from 9 h at
4 %. These values are lower than those obtained by Kim
and Min [13]. Vennerberg et a. [12] obtained up to 8 at%
of grafted O in only 60 min, but both groups of authors use
a larger concentration of Os per mass unit of CNTs. The
weight loss observed is due to the escape of CO, gas pro-
duced during the oxidation of CNTs [13]. The analysis of
the nature of the grafted functional groups is in progress
using FT-IR and X-ray photoelectron (XPS) spectroscopies.
The influence of ozonation on the MWCNTSs structure has
been analysed by HRTEM (Fig. 4). Only the MWCNTs
treated during 20 h present external defects on their surface
and amorphous carbon disappeared. For the shorter dura-
tions, no modification of the nanotube structure has been
observed.
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Figure 3 TGA curves obtained under N, showing the influence
of the O3 treatment on the thermal stability of the MWCNTSs.

3.2 Iron deposition under inert atmosphere

with and without pre-treatment Without pre-treatment.

The target percentage of deposited Fe was of 10 g Fe/100 g
MWCNTSs in order to obtain reliable information from the
various characterizations performed. Consequently, the fer-
rocene powder (85 g) was heated to 155 °C in the sublima-
tor, leading to an inlet molar fraction of ferrocene close to
2.3%. The average bed temperature was fixed to 650 °C
(see Table 1), higher than in the literature reports [23-27]
for a better decomposition of the precursor. The total flu-
idization flow rate was of 5 slm, corresponding to a fluidi-
zation ratio U/U,; of 4.

The experimental results are detailed in Table 2. Three
different mass balances allow determining the gain in mass
of the bed. The first one corresponds to a weighing of the
bed before and after CVD. The second one consists in cal-
culating the theoretical maximum iron mass which can be
deposited onto the bed from the mass of sublimated ferro-
cene. The third one considers the pressure drop difference
(AP) between the beginning and the end of deposition,
knowing that if the bed remains conveniently fluidized, AP
is equal to the bed weight per column surface area. Table 2
indicates that from bed weighing and AP, the gain in mass
is equal to 57 g and 54 g respectively whereas from the
precursor weighing, it is of 19.7 g. The good agreement be-
tween the two first balances means that the bed remained
conveniently fluidized all along the deposition process.
This was confirmed by the good isothermicity of the FB
during deposition. The difference with the precursor bal-
ance implies that the deposit is not pure iron: about 34 to
37 g of the deposit could be formed of carbon or less im-
portantly of oxygen (from ambient air) or hydrogen.

Table 2 Mass balance and TGA results after CVD

Run MWCNTs Max. Femass Deposited Iron wt%
bed weight deposited from masson  from TGA
difference ferrocenesubli- the bed

)] mation from AP
(9) (@

1 57.0 19.7 54.0 85

2 52.5 22.0 55.2 10.7

3 - 20.7 - -

4 378 194 359 8.3

Figure 4 HRTEM views of (a) rawx MWCNT and (b) MWCNTs
treated under O3 for 20 h; arrows represent structural defects on
the surface after treatment.



TGA anayses under air (Fig. 5) show that 8.5 wt% of
the bed is formed of iron (theinitial iron catalyst mass (5.8
wt%) being removed). The target of 10 g Fe/100 ¢
MWCNTSs is amost reached. For the three iron deposition
curves, the mass loss between 450 and 630 °C is due to the
oxidation of the defects at the surface of the nanotubes and
then to the nanotubes themselves. As Kim and Min [13]
said, CO; is produced from O, and C of air and nanotubes
respectively in higher quantity than for the TGA performed
in inert atmosphere (Fig. 3). The small mass gain (~4 wt%)
between 350 and 450 °C represents the oxidation of iron in
Fe,Os [28]. The remaining 21 to 26 w%, assumed to be
Fe,Os, has allowed to calculate the iron weight percentage
in Table 2.

HRTEM observations show that the deposit occurred
under the form of discrete particles whose size ranges from
50 to 500 nm (Fig. 6a). These particles are distributed eve-
rywhere in the MWCNT tangles but they have not uni-
formly covered the nanotube outer walls, as found by other
authors about CVD of metals on CNTs [5-7]. They are
covered by carbon layers and some of them have catalysed
the post-formation of large, highly defective carbon nano-
fibers (CNFs) and nanotubes whose diameter is related to
particle size, or aternatively are embedded in graphitic
carbon shells (Fig. 6b). Ferrocene is indeed well-known to
be a precursor of both iron and carbon nanomaterials [24].
The particles could then be saturated with carbon forming
FesC and leading to CNF or CNT formation by CVD [29].
EDX cartography presented in Fig. 7, shows that iron is
uniformly distributed both outside and inside the MWCNT
balls, meaning that the kineticaly-limited regime was
reached under the conditions tested.

Figure 5 TGA curves obtained under air of MWCNTSs before
and after CVD for the various conditions tested.

XRD analyses are presented in Fig. 8. The pristine MWCNT
pattern shows three structural phases which are characteris-
tic of the raw carbon nanotube material: 002 and

004 at 20 = 25.8° and 51.7, respectively, which corres-

= P

Figure 6 HRTEM views of (a) raw MWCNTs and (b) WCNTs
after run 1; arrows show CNFs formed after run 1.

pond to the first and second orders diffraction spots related
to the inter-graphene stacking distance, and the 100c and
110c at respectively 42.7° and 78.2° which correspond to
the in-plane periodicities of graphenes when stacked turbo-
stratically. Hence, these peaks represent the chaotic tangle
of the pristine MWCNTSs observed by FEG-SEM previ-
oudly. Still in the rav MWCNT pattern, two light shoul-
ders could be attributed to iron and iron oxide signal (26 =
44.5° and 48.5-49°, respectively): they originate from the
initial catalyst used for the nanotube growth [8, 11]. The
XRD pattern of the MWCNTSs after CVD (inert atmos-
phere) reveals new peaks related to FesC at 20 = 37.7°,
43.7° and 58° in accordance to the ICSD database. Addi-
tionally, iron signals at 44.5° and 49° form well-defined
peaks. So, the deposit corresponds to a mixture of amor-
phous and structured carbon, pure iron and of iron carbide.
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Figure 7 (a) FEG-SEM view of an open MWCNT ball and (b)
the corresponding EDX cartography of Fe (after run 1).

Figure 8 XRD patterns of pristine (bottom) and CVD treated
MWCNTs under N, (middle) and air (top) without O; pre-
treatment of the MWCNTSs.

With pre-treatment. Os-treated MWCNTSs were submitted
to the same CVD conditions. The mass balances led to
similar results: the masses of 52.5 g and 55.2 g were re-
spectively deduced from MWCNTs weighing and AP
whereas the precursor mass balance gives 22 g, confirmed
by TGA analysis (Fig. 5). The Fe percentage deduced from

TGA andysisis equal to 10.7 wt% (the initial iron catalyst
content being removed) which means that the target of 10
g Fe/100 g MWCNTSs is reached. So, the O3 treatment has
increased by 2.2 % the mass of deposited iron. EDX analy-
sis (not shown) indicates that iron is uniformly distributed
everywhere in the MWCNT balls meaning that the kineti-
cally-limited regime is still in place. HRTEM micrographs
(Fig. 9) show the presence of amorphous carbon in larger
amounts than before CVD. Indeed amorphous carbon is
visible both around the deposited nanoparticles and on the
MWCNTSs outer walls and CNFs are still formed from the
iron nanoparticles. The formed nanoparticles are still not
covering the whole MWCNTSs outer surface. They are
smaller (10 to 100 nm) and at the HRTEM scale, more
homogeneously distributed than those observed for pristine
MWCNTSs, which could be a possible positive effect of
ozonation on the deposition. Indeed, ozonation could in-
crease the number of nucleation sites by grafting oxygen
containing groups on the outer MWCNT surface. The
change of the MWCNT surface after ozonation seems to
also modify the nature of the deposit in forming more
amorphous carbon on the outer surface of MWCNTS, and
maybe less carbon-contaminated iron nanoparticles. XRD
and XPS analyses are in progress to confirm this point.
This amorphous carbon could be partly responsible of the
difference between the mass balances.

3.3 Iron deposition under oxidative atmos-
phere without pre-treatment. The addition of air in the
gas stream (30/70 vol% ratio of N,/Air) aims to activate
the decomposition of ferrocene in order to increase the de-
posit nucleation on the nanotube surface. If iron oxide na-
noparticles would be deposited on the MWCNTS, they
could be reduced after CVD to form iron nanoparticles. It
has already been shown that MWCNTSs can be burnt above
600 °C under oxidative atmosphere [30]. Thus, the tem-
perature was decreased down to 450 °C. The other parame-
ters remained unchanged (see Table 1).

Despite this precaution, half of the initial MWCNTSs
weight was oxidized and consumed during the experiment.
The precursor mass balance gives 20.7 g of iron (see Table
2), showing the good reproducibility of the sublimation
device. FEG-SEM micrographs show that the remaining
MWCNTSs balls are covered by a 10 um thick shell of de-
posit (Fig. 10a). As observed by Philippe et al. [11], the
EDX cartography (Fig. 10b) reveals that this shell is
mainly constituted of iron and oxygen and the XRD pattern
(Fig. 8, top) confirms that it is hematite (Fe;O3) (in accor-
dance with the ICSD database). The core of the MWCNT
balls is relatively depleted in iron. This indicates that the
kinetically-limited regime was lost. A transport-limited re-
gime has taken place instead: the activation of the hetero-
geneous chemical reactions by air was too intense and the
reactivity of the MWCNT surface too low to lead to a uni-
form coating of each nanotube outer surface by iron oxide
nanoparticles.



Figure 9 HRTEM view of O-MWCNTSs after run 2 under inert
atmosphere.

Figure 10 (a) FEG-SEM view of a MWCNTS ball after run 3
under oxidative atmosphere and (b) its EDX cartography of Fe.

3.4 Iron deposition under reductive atmos-
phere with pre-treatment A Ny/H, mixture was studied
in order to prevent the formation of carbon nanofibers and
of amorphous carbon previously observed for the experi-
ments under inert atmosphere with O;-MWCNTS. It was
previously shown that hydrogen is necessary to create
MWCNTSs but for a concentration higher than 23-27 vol%,
the formation of carbon nanotubes is inhibited [25, 26].
Our N,/H, ratio was equal to 33/67 (vol%). The decompo-
sition temperature of ferrocene under hydrogen is lower
than under inert atmosphere [31, 32]. Consequently, the
temperature for this run was decreased down to 550°C.

The mass balances deduced from MWCNT weighing
and AP are lower than for run 2: 37.8 g and 35.9 g respec-
tively whereas the precursor mass balance gives 19.4 g of
iron. The Fe percentage deduced from TGA analysis is
close to 8.3 wt% (the initial iron catalyst content being re-
moved. So, these operating conditions reduce both the de-
posited weight and iron percentage in comparison with run 2.

e X

Figure 11 HRTEM views of Os-MWCNTSs after run 4 under re-
ductive atmosphere; (sticker) zoom of a Fe nanoparticle covered
by carbon layers but CNFs are absent.

HRTEM micrographs reveal the influence of H, (Fig.
11): amorphous carbon is still present around the deposited
nanoparticles but it is now absent on the MWCNTSs outer
walls contrarily to run 2 under inert atmosphere. Moreover,
the deposited nanoparticles are smaller than previously
(size ranges between 20 and 50 nm). Although covered by
carbon layers, they do not form anymore nanofibers. But
they are, at the HRTEM scale, less numerous and less uni-
formly distributed. The presence of hydrogen and the low-
er temperature of deposition then reduce both carbon and
less markedly iron deposition. Thus, the H, addition in the
gas stream seems to have inhibited the formation of amor-
phous carbon and CNFs, as observed in the literature [25,
26].

4 Conclusion The fluidized bed CVD process was
studied in order to uniformly decorate the outer surface of
MWCNTSs by iron deposits in a lab-scale reactor treating
100 g of nanotubes per run. An ozone treatment was also
tested in the same fluidized bed reactor in order to increase
the surface reactivity of nanotubes. TGA analyses reveal
that oxygenated functions were grafted onto the surface of
the MWCNTSs in amounts proportional to the treatment du-
ration, with a plateau observed from 9 h of treatment. After
20 h of ozonation, external defects were created on the sur-
face of MWCNTSs. Under N/ferrocene atmosphere, for the
pristine and Os-treated MWCNTS, the deposition occurs
under the form of discrete particles uniformly distributed
within the MWCNT balls. The ozone treatment increases
the mass of deposited iron and the number of deposited
nanoparticles and also decreases the size of the deposited
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nanoparticles. This means that the ozonation increases the
surface reactivity of the MWCNTSs and the nucleation sites
but not enough to uniformly cover the nanotube outer sur-
face. Air was added to ferrocene in order to activate iron
nucleation. A partial 1oss of the bed was observed at 450°C
and Fe0O; shells were formed around the remaining
MWCNT balls. Hydrogen was finally tested mixed to fer-
rocene at 550 °C, leading to less numerous nanoparticles
deposited and also to less deposited amorphous carbon,
without improving the surface coverage of the MWCNTSs.

The main concern of the future works will be to in-
crease much more markedly the surface reactivity of the
MWCNTSs. A possible way is to pre-treat MWCNTS by
CVD of TiC [6]. Another way is to add water (H,0) va
pour during the ozone pre-treatment [33]. Indeed, com-
bined with Oz at room temperature, water vapour seems to
create HO' radicals and highly accelerate the ozonation
[33]. Water vapour could also be added to ferrocene during
iron deposition to eliminate carbon contamination [22].
The corresponding FB-CVD process on MWCNTS is un-
der development.
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