N
N

N

HAL

open science

Spray-gun deposition of catalyst for large area and

versatile synthesis of carbon nanotubes

Aurelien Gohier, Ki Hwan Kim, Evgeny Norman, Louis Gorintin, Paolo

Bondavalli, Costel Sorin Cojocaru

» To cite this version:

Aurelien Gohier, Ki Hwan Kim, Evgeny Norman, Louis Gorintin, Paolo Bondavalli, et al.. Spray-gun
deposition of catalyst for large area and versatile synthesis of carbon nanotubes. Applied Surface

Science, 2012, 258, pp.6024-6028. 10.1016/j.apsusc.2012.02.115 . hal-00793869

HAL Id: hal-00793869
https://hal.science/hal-00793869
Submitted on 2 Mar 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00793869
https://hal.archives-ouvertes.fr

Applied Surface Science 258 (2012) 6024—6028

Spray-gun deposition of catalyst for large area and versatile synthesis of carbon
nanotubes
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ABSRACT: Spray gun deposition technique was investigated for large area deposition of nano-
catalysts. In particular, we studied iron chloride salts solutions as catalyst precursor for the synthesis
of carbon nanotubes (CNTS). Iron chloride salts are shown to decompose upon thermal annealing
into Fe(lll) oxide based species that make it suitable for further growth of various carbon nanotube
structures. Depending on the spraying process, versatile synthesis of 2-D single-walled carbon
nanotube network as well as vertically aligned carbon nanotubes arrays on functional substrates can

be achieved. Such simple process for the preparation of CNT-based architecture opens new
perspectives in the field of thin-film transistor and nanostructured electrodes.
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1. Introduction

The quasi-1D structure of carbon nanotubes (CNTs) has fasci-
nated the scientific community over the past 20 years due to the
resulting outstanding physical and chemical properties. Notably,
their remarkable electronic transport, huge specific surface area
and high aspect ratio make them very attractive for a wide range of
applications, such as thin film transistor [1], cold cathode [2],
chemical sensing [3] or electrochemical electrode [4].

For most of these potential applications, CNTs must be synthe-
sized directly onto functional substrates, which obviously imply
great technological challenges. Since their discovery in 1991 [5],
much effort have been undertaken to provide high control of the
CNT growth. Up to now, catalytic chemical vapor deposition (CCVD)
appears as the most promising technique since it allows to control
both the location of the CNTs as well as, to some extent, their struc-
tural features (diameter, length) [6,7]. CVD synthesis requires the
use of catalyst nanoparticles onto which carbon nanotubes nucleate
and grow. These catalytic clusters are preferentially made of tran-
sition metal (Fe, Ni, Co) [8] and are usually obtained by metal thin
film dewetting upon temperature. Another method for the catalyst
preparation consists of using metal salts as precursors. Few studies
have investigated this alternative for the growth of CNTs. Choi et al.
demonstrated that iron chloride could be reduced in situ in solution
to form particle that further deposit onto surface [9]. Kind et al. used
Fe(l11)-containing gel-like catalyst to pattern CNT growth by micro-
contact printing [10]. Spin-coating or drop casting iron-based salt
solutions have also been successfully used to grow multi-walled or
single-walled CNTs [9,11-13].

Here, we study spray technique to deposit iron chlorides(lll) as
precursor for the growth of CNTs. We find this technique very versa-
tile since the amount of catalyst deposited onto substrates could be
easily tuned by either varying the salt concentration or the spraying
parameters. As a result, using this method, we show that vertically
aligned carbon nanotubes array or in-plane growth of 2-D network
can be achieved on alumina or aluminum coated substrates. We
emphasize that spray is a cost effective method that can provide
catalyst preparation in ambient atmosphere without limitation in
terms of surfaces deposition.

2. Experimental

Sprayable catalyst solutions with various concentrations
(5.107°M, 5.107*M and 5.10"3M) were prepared by sonicat-
ing FeCl3-6H,0 in ethanol. A fixed volume (30 mL) of each

FeCl3 :6H,0 solution was deposited using spray gun technique over
Al, O3 (50 nm)/SiO, (300 nm)/Si substrates or aluminum (30 nm)
coated stainless steel foils (50 JLm). The sprayer gun was mounted
on a stage that couldtranslate in x,y, z directions. During the spray-
ing process, the gun followsa serpentine line along80 mm X 80 mm



square to ensure uniformity in deposition rate. The substrate holder
was kept at temperature higher than 200 'C to evaporate as fast as

possible the solvent droplets when hitting the substrate. Unfor-
tunately we were not able to precisely estimate iron nominal
thickness deposited onto substrates since a large and unknown part

of the aerosol may deposit out of the predefined 80 mm X 80 mm

square.

From as-deposited iron chloride salt, carbon nanotubes were
synthesized using hot-wire CVD system as described in detail else-
where [14]. CNT growth was performed using CH;/H, mixture
(T h, =50 sccm, Z ¢y, =50 sccm). In this work, we focus on the
effect of iron salt concentration on the CNT growth in the case of
two different synthesis conditions. We played on the synthesis tem-
perature and pressure to favor either the growth of single-walled
carbon nanotubes (800 'C, 25 mbar) or multi-walled carbon nano-
tubes (600 ‘C, 50 mbar).

X-ray photoelectron spectroscopy (XPS) was carried out to study
iron salt evolution upon temperature annealing. The pass energy
was set at 30 eV and the energy scale of the spectra was calibrated
by setting Al 2p3/2 peak at from the alumina substrate at 75.5 eV.

Carbon nanotubes morphology was investigated by Scanning
electron microscopy (SEM) (SEM; HITACHI S 4800) and transmis-
sion electron microscopy (TEM; Jeol 2010F). The carbon nanotubes
structural quality was analyzed by high-resolution confocal Raman
microscope (Labram HR800; HORIBA Jobin Yvon) in the normal
incident backscattering configuration.

3. Resultsand discussion

Before proceeding to CNT growth, the behavior of iron chloride
salts upon thermal annealing was analyzed by XPS. Fe 2p and Cl 2p
peaks of as-sprayed iron chloride are displayed in Fig. 1 (black line).
Quantitative analysis reveals low Cl/Fe atomic ratio of 0.77 instead
of 3 as expected (FeCly ). After thermal annealingat 700 ‘C (Fig. 1d
and e - red line), chlorine can no more be detected while Fe 2p
peak shape remains unchanged with slightly lower intensity. The
low percentage of chloride species before annealing suggests that
temperature during spray deposition is sufficient to drive a partial
decomposition of FeCl3-6H,0. After in situ annealingat 700 ‘C dur-

ing 10 min, a total decomposition of iron chloride is achieved. The
broad Fe 2p®2 component (FWHM ~ 3 eV) located at 711.4eV and

711.2 eV before and after annealing respectively is well consistent
with high spin Fe(lll) compounds [15]. This means that FeCl;:6H,0

decomposition does not yield iron metal and chlorine but may pro-
duce hydrogen chloride and iron oxide and/or hydroxide species
(with Fe(lll) state). We suppose that iron oxide is further reduced
to metallic state when exposed to the synthesis atmosphere [8].
SEM images of as-deposited iron salt as a function of the
solution concentration are displayed in Fig. la—c. For low con-
centration (5.107° M), single or interlaced ring-structures can be
distinguished. When the concentration increases (5.107% M) the

ring-structures appear connected by catalyst network. For the
higher concentration (5.1073 M) a very smooth surface is observed.
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Fig. 1. SEM picture of as-deposited iron chloride salts using: (a) 5.107° M, (b) 5.10™* M and (c) 5.1073 M solutions. (d) XPS Fe 2p and Cl 2p narrow scan of iron salts as-deposited
by spray (black line) and (e) in situ annealed iron salts at 700 'C (red line). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)
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Fig. 2. SEM pictures (tilt 45°) of carbon structures synthesized at 800 C using (a)
5.107*M, (b) 5.10"°M and (c) 5.1073 M solution of FeCl3-6H,0. (d) Ramanspectra
acquired on the CNT network obtained using 5.10~* M solution of FeClz-6H,0.

The organization of iron salt in ring shape after spraying is
related to the well-known coffee-ring effect, which often occurs in
printing technologies [16]. The solute (here iron salts) is deposited
at the edge of the drying drop. We think that the first evaporated
drops act as trapping site that stick further drops that hit the sub-
strate. This could explain why discrete interlaced ring structure
is observed for low concentration. As the concentration increases
the density of defect site increases too, leading to higher deposit
uniformity (Fig. 1c).

One of the advantages of the spraying technique for the prepa-
ration of the catalyst is the wide range of catalyst amount that could
be deposited onto substrates. It can be simply adjusted by iron
chloride solution concentration. For instance, very low density of
catalyst could be easily prepared to grow low density 2-D network
of CNTs. This contrasts with thin film dewetting process that gener-
ally requires very low initial thickness for such synthesis (typically
<1 nm) and hence arises the question of the reproducibility of such
preparation.

In order to find the optimized range of salt concentration that
could yield in-plane CNT growth, we exposed a set of three sam-
ples prepared with 5.107°M, 5.107* M, 5.1073 M iron salt solution
to hightemperature CVD synthesis conditions (800 'C). SEM images
displayed in Fig. 2a revealed that well percolated carbon nanotubes
2-D network could be synthesized using intermediate FeCl3-6H,0
concentration (5.10~% M). For lower concentration (5.10~° M), only

scarce carbon nanotubes can be distinguished on some area of the
substrate (Fig. 2b). When higher concentration (5.1072 M) is used,

no more carbon nanotubes can be grown but only large iron parti-
cles surrounded by carbon are discerned (Fig. 2c).

Raman spectroscopy was carried out onto percolated CNT 2-
D network to give some insights on the structural features. Ip/lg
intensity ratio, related to disorder in sp2 carbon network is estimate
at 0.17 (Fig. 2d) which is low and typical to single-walled carbon
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Fig. 3. (a) Transfer curves from SWCNT network based devices before (black
line) and after (red line) an electrical breakdown process that eliminates metallic
SWCNTs. The gap between interdigitated electrodes was 2JLm ((a) inset). (b) Cur-
rent/voltage characteristic of same transistor: the gate voltage varied from —20V to
20 V from top to bottom (step: 4 V). (For interpretation of the references to color in
this figure legend, the reader is referred to the web versionof the article.)

nanotubes [17]. The presence of strong radial breathing modes at
low frequency (cm™1) confirmsthat most of the network is made

of single-walled carbon nanotubes.

Such percolated SWCNT networks are of great inter-
est since they could behave as semiconducting channel for
field effect transistor fabrication. To illustrate this poten-
tiality, interdigitated electrodes made of Ti(5 nm)/Au(35 nm)
(gap: 2JLm) were deposited onto SWCNT samples grown on
Al, O3 (100 nm)/SiO, (100 nm)/Si(100 nm) substrate. Typical trans-
fer characteristics of such bottom gate devices are displayed in
Fig. 3a. As-grown SWCNT network exhibit typical p-type response
[1] with low Ion/loge ratio of ~2 but relatively high “on” current:
lon =200 JLA (Fig. 3a — black line). This modest performance is
explained by the presence of metallic nanotubes in the network
(theoretically, one metallic SWCNT for two semiconducting ones
[18]). In order to improve lgn/lorr ratio, samples were submitted to
an electrical breakdown, consisting of a slow increase of Vps up to
45 V while keeping the device in “off” state (Vg =20 V) [19]. After
such a procedure, Ion/logr ratio highly increases up to 5.10% with
a significant loy of 5JLA. A detailed discussion of the electronic
properties of these SWCNTs network will be given in further works
since it is not the scope of the present paper.

In addition to 2-D SWNT networks, vertically aligned carbon
nanotubes array (VACNT) is one of the most interesting CNT based
architecture since it could yield breakthrough in various applica-
tions (super-capacitor, adhesive, lithium-ion batteries, chemical
sensing, etc. [4,20]). In orderto achieve such growth using spraying
process, a set of three samples covered by FeCl; -6H,0 solution with
various concentrations (5.107°M, 5.107*M, 5.1073M) was pre-
pared and exposed to medium temperature CVD process (600 C)
for CNT growth.

As expected, the higher the iron salt concentration, the higher
the resulting carbon nanotubes density. For low concentration
(5.107° M), catalystconcentrates at the periphery of very rare ring
structures. From such “coffee-ring” shape, very few nanotubes can
be discerned. Using medium FeCl;-6H,0 concentration (5.10™4 M),

“coffee-ring” effect is no more visible and uniform deposit of
randomly organized CNTs is observed. As the FeCls-6H, O concen-

tration increases up to 5.1073 M, the resulting density of catalyst
particles increases too and the CNTs preferentially grow vertically
due to crowding effect. This typical CNT carpet-like architecture
with length up to ~7JLmis displayed in Fig. 4c.

Raman spectroscopy spectrum acquired on CNT arrays shows
quite high Ip/lg ratio of 0.91 (Fig. 4g — red line), which is typi-
cal of multi-walled carbon nanotubes, usually more defective as
compared to single-walled CNTs. TEM study revealed that CNTs
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Fig. 4. SEM pictures (tilt 45°) of carbon structures synthesized at 600 C using: (a) 5.107° M, (b) 5.107*M and (c) 5.1073 M solution of FeClz:6H,0. (d) Picture () SEM image
and (f) TEM image of oriented carbon nanotubes grown on stainless steel foil (50 mm x 17 mm). (g) Raman spectra acquired on the CNT “carpet” grown on alumina (red line)
and on aluminium covered steel foil (black line). (For interpretation of the referencesto colorin this figure legend, the reader is referred to the web versionof the article.)

are “few-walled carbon nanotubes” with typical diameter less than
10 nm.

To illustrate the potentiality of spraying process for the elab-
oration of CNT array on large surface, we performed CNT growth
on commercial 50 JLm thick iron steel foils (AlISI 321; Goodfellow).
Here, we use aluminum buffer layer (20 nm) instead of alumina
in order to keep good electrical contact between CNTs and the
substrate. Indeed, an electrical transparency between CNT and col-
lector is often required for most of VACNT based applications. As
shown in the literature, aluminium can also provide optimized
catalyst/support interaction for the growth of vertically aligned
CNTs [13,21]. Fig. 4d shows the vertically aligned CNTs carpet onto
50 mm X 17 mm steel foil. These CNTs exhibit same morphologi-
cal features in terms of length (Fig. 4e) and diameter (Fig. 4f) as
well as same Raman signature (Fig. 4g — black line) as compared to
VACNTSs synthesized on alumina. Further works will be dedicated
to their use as nanostructured electrodes in lithium-ion batteries
application.

4. Conclusion

In conclusion, we have developed a low-cost process based
on aerosol spray to prepare catalyst for the synthesis of carbon
nanotubes. This technique was shown to be very versatile since
2-D single walled carbon nanotubes networks as well as for ver-
tically aligned CNT array could be synthesized on large surface.
We emphasize that this approach combines both the advantages
of inorganic chemistry in terms of variety of compounds that can

be studied and thin film processing. Further improvement in the
control of CNT structure couldbe provided by studying salt mixture.
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