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Using the layer-by-layer assembly method, we

have fabricated catalyst particles of a controlled size

distribution and packing density for aligned carbon nanotube growth. In particular, poly(sodium-4-
styrenesulfonate), PSS, and iron hydroxide colloid were layer-by-layer assembled via the electrostatic
interaction onto an acetic-acid-plasma treated quartz plate. This multilayer catalyst precursor film was
then calcined in Ar/H at 750°C to produce iron nanoparticles for the subsequent growth of carbon
nanotubes at 750C under a combined flow of Ar/lHand GH,. UV—vis absorption and X-ray

photoelectron spectroscopic (XPS) measurements

confirm the consecutive formation of the iron hydroxide

colloid/PSS multilayer films. Atomic force and electron microscopic (AFM, SEM, TEM) imaging shows

that the catalyst particles thus prepared possess a layer-number-dependent size distribution and packing
density after calcination. Aligned multi-walled carbon nanotubes with a controlled structure and
morphology were produced from judiciously designed layer-by-layer assembled multilayer catalyst
precursor films with a desirable layer number and composition.

Introduction

Since the discovery of carbon nanotubes by lijima in
1991} considerable efforts have been made to study their
preparation, growth mechanism, and potential applicafichs.
In particular, the aligned growth of carbon nanotubes has
brought great promise for their potential applications in field-
emitting flat panel displays and many other systénis.

Although several postsynthesis fabrication techniques and ; . .
dntegrlty without segregation, even at the elevated temper-

synthesis-induced alignment methods have been devised t
prepare alignednulti-walled carbon nanotubes (MWNTS),
10-15the preparation of perpendicularly alignsidgle-walled
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carbon nanotubes (SWNTS) is only a recent developfiént.

To grow perpendicularly aligned SWNTSs, it is necessary to
have nanometer-sized catalyst particles densely packed on
the substrate surface to promote strong van der Waals forces
between the growing carbon nanotubes for facilitating the
alignment!®24 One of the very delicate and vital issues to
be addressed is, therefore, how to prepare densely packed
catalyst nanoparticles while largely retaining their structural

atures required for the aligned carbon nanotube growth.

On the other hand, the layer-by-layer (LBL) assembling
proces$>?6 in which multilayer films are prepared by
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Figure 1. Schematic illustration of the procedures for the layer-by-layer
assembling of the iron hydroxide colloidal nanoparticles and PSS, followed BINDING ENERGY (eV)
by the catalyst nanoparticle reduction (calcination) and growth of aligned
carbon nanotubes.
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Figure 2. UV—vis absorption spectra for the PSS/iron hydroxide colloid 015
layer pair deposited on a quartz substrate. The inset shows a plot of | _
absorbance at 225 nm vs the number of layer pairs. ?-7
alternating adsorption of anionic and cationic bipolar com- ‘g
ponents onto substrate surfaces via the electrostatic attraction | £
between opposite charges, has been proven a powerful |2 S,
technique for fabricating various nanomaterials, including |3 2
nanoparticle-intercalated multilayer polymer fil&#s2° In our & | Nag
further investigation on the growth of aligned carbon nano-
tubes, we have recently found that catalyst particles of a

controlled size distribution and packing density can be pre- 0 200 400 600 800 1000

pared via the layer-by-layer assembling of poly(sodium-4-

styrenesulfonate), PSS, and iron hydroxide colloid onto an ! o
Figure 3. XPS survey spectra of (a) a quartz substrate after the acetic acid

a(_:et|c-aC|d-p_Iasma treated quartz plate, followed by r_educmg plasma treatment, (b) the iron-colloid-particle adsorbed substrate, and (c)
with a combined flow of Ar/H at 750°C. In comparison the PSS absorbed substrate.

with the simple casting of a reverse micelle solution of metal

nanoparticles for aligned MWNT growth previously re- of cationic and anionic components within each of the con-
ported the layer-by-layer assembling method provides stituent layers. In addition, the LBL-deposited polymer thin
advantages for effectively controlling the resultant particle fiims could form carbon coatings surrounding the intercalated
density by regulating the layer number. The particle size dis- catalyst nanoparticles after calcination to further prevent them
tribution can also be tuned by changing the relative amountsfrom segregation. As a result, therefore, densely packed cata-

: lyst particles with a nanometer size could be prepared. Here,
(27) Liu, Y. J.; Wang, A. B.; Claus, R. Galikiiteia(t1997, 71, 2265

(28) Caruso, F.; Spasova, M.; Susha, A., Giersig, M.; Caruso, Ba. we report the use of the layer-by-layer assembling method
Mater. 2001, 13, 109. for the formation of catalyst particles with a controllable size

ggg XS(‘)R,‘_LZ.';K%?Tf:tksihT%_B%nﬁsoﬁim%%mﬁg 1,%3%5 distribution and packing density for synthesizing aligned
Bhiealalt200Q 77, 79. MWNTSs of a controlled structure and morphology.
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Figure 4. AFM images (scanning area 20 x 20 um?) of different layer pairs deposited on the quartz substrates after the calcination &€ b@\r/H;

for 5 min: (a, b, c, d) results for 1, 2, 3, and 5 layer pairs, respectivelyle{g)as for part b under a higher magnification (scanning ar€ax 5 um?),
andright, line scanning along the path indicated in the left image (height seat®0 to 20 nm); and (f) TEM image for a nanoparticle sample corresponding
to part e.

Experimental Section Layer-by-Layer Assembling. Prior to layer-by-layer self-
assembling, the quartz plate was cleaned by immersing it in
a bath of concentrated,BO, for 30 min and then thoroughly
washing it with double distilled water. This was followed
by acetic acid plasma treatment in a custom-built reé&ttor
powered by a commercial radio frequency generator at 250

Materials. Poly(sodium-4-styrenesulfonate), PSS, with a
weight-average molecular weight of 70 000 g nfohnd
FeCk-6H,0 were purchased from Aldrich. A solution of iron
hydroxide colloidal particles was prepared by pouring a
freshly prepared aqueous solution of Fe@.1 M, 10 mL)
into boiling water (90 mL), followed by cooling with air to :
room temperature. The colloidal particles thus formed were 83 gg‘i”al’_fe'G'?:gz’éfﬁfefﬁ’\%u’cg?wgg_z Pzr%ysl.lghem. RO97 101,
positively charged by the adsorbed positive iéhs. 9548.
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Figure 5. SEM images of the carbon nanotubes grown from the (PSS/iron hydroxide colloid pastieledyst precursor films of different layer pairs (i.e.,
differentn) after the calcination: (a, b, ¢, d) results for 1, 2, 3, and 5 layer pairs, respectively.
kHz, 30 W, and a monomer pressure of 100 mTorr for 30 s tron spectroscopic measurements were made on a VG
to produce a negatively charged surface (i:eGOQO). Microtech ESCA 2000 using monochromatic Mgt Kadia-
Adsorption of the first layer of the iron colloidal nanoparticles tion at a power of 300 W. Atomic force microscopic (AFM)
was then carried out by immersing the plasma-treated quartzimages were acquired in tapping-mode using a silicon canti-
plate in the iron hydroxide colloid solution for 20 min. After lever on a Dimension 3100 AFM with a Nanoscope 5 con-
washing with double distilled water and drying under ambient troller. Scanning electron microscopic (SEM) imaging was
atmosphere, the iron-nanoparticle-covered quartz substrateperformed on a Hitachi S-4800 field emission microscopy.
was subsequently used for counterion adsorption in anHigh-resolution transmission electron microscopic (HRTEM)
aqueous solution of PSS (1 mmgL~1). Multilayer films images were taken on a Hitachi H-7600 transmission electron
consisting of alternating PSS and iron hydroxide colloid microscope using an accelerating voltage of 120 kV.
layers, (PSS/iron hydroxide colloid particlgsyere prepared
by repeating the above steps fotimes. Figure 1 shows the
steps of the layer-by-layer assembling of the iron hydroxide Layer-by-Layer Assembling. To monitor the layer-by-
colloidal nanoparticles and PSS, followed by the Ar/H layer assembling process, we first used a+tiNé spectrom-
reduction of catalyst nanoparticles and the growth of aligned eter to measure the increase in optical absorption with

Results and Discussion

carbon nanotubes. increasing layer numbers. Figure 2 shows a typical change
Synthesis of Carbon Nanotubes.The layer-by-layer of the UV—vis absorption for (PSS/iron hydroxide colloidal
assembled substrate was heated in Ardt 750°C for 5 particles) multilayer films deposited on the acetic-acid-

min (calcination), followed by chemical vapor deposition plasma treated quartz substrate. As can be seen, the increase

(CVD) growth of carbon nanotubes on the substrate in a in absorbance is almost directly proportional to the number

quartz tube furnace under a combined flow of Ar (600 sccm), of the (PSS/iron hydroxide colloid particles) layer pairs. The

H, (20 sccm), and ¢H, (20 sccm) at 750C for 10 min. inset plot depicts the absorption intensity at 225 nm vs the
Characterization. UV —vis absorption spectra were re- number of layer pairs. The linear dependence shown in the

corded on an HP-8453 spectrometer, while X-ray photoelec- inset of Figure 2 clearly indicates the stepwise formation of
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(d)
Figure 6. TEM images of aligned carbon nanotubes grown from the (PSS/iron hydroxide colloid partietdyst precursor films of different layer pairs

(i.e., differentn) after calcination, showing an increase in the nanotube diametemwigh, b, c) results fon = 1, 2, and 5, respectively, and (d) a higher
magnification TEM image for the aligned carbon nanotubes corresponding=t@.

a multilayer film with an approximately equal amount of which clearly shows the Fe 2p peak at 708 eV along with
PSS chains and iron nanoparticles being deposited withinsignals for C 1s (285 eV), O 1s (531 eV), Si 2p (106 eV),
each of the constituent layer paffs?® and Si 1s (154 eV) from the underlying plasma/quartz layers.
Further details for the consecutive formation of the (PSS/ The removal of the adsorbed nitrogen molecules during the
iron hydroxide colloid particles) layer pair come from X-ray iron hydroxide deposition process is evident by the loss of
photoelectron spectroscopic (XPS) studies. Figure 3a showshe N 1s signal in Figure 3b. The significant increase in the
the XPS survey spectrum of the quartz plate after the plasmaQ/C atomic ratio from part a to part b of Figure 3 is

treatment. As can be seen, Figure 3a sh@C 1speak at  consistent with the effective deposition of iron hydroxide
285 eV and an O 1s peak at 531 eV, along with the particles.

appearance of the Si 2p (106 eV), Si 1s (154 eV)_, gnd a As expected, XPS measurements on the PSS absorbed
weak signal for N 1s (399 eV). The appearance of S' s'lgnals substrate reveal new peaks at 227, 164, and 60 eV attributable
from the un('jerly.mg quartz sub;tratg in Figure 3a indicates to S 2s, S 2p, and Na 2s, respectively. The disappearance of
that the_acetlc acid plasma fayer s thinner than the_)_(PS p rObeSi and Fe signals in Figure 3c indicates that the newly formed
depth (i.e., 10 nnff due to a shor_t plasma-deposition time PSS layer is pinhole-free and thicker than the XPS probe
(30s). The N 1s pea!< can be attributed to absorbed gaseou%jepth (i.e.,>10 nm). Therefore, the XPS results unambigu-
moleciles from the air. Figure 3b reproduces the XPS Surveyously indicate that both the iron hydroxide colloid particles

spectrum of the iron-colloid-particle adsorbed substrate, . )
P P and the PSS chains have been alternatively assembled onto
(33) Methods of Surface Analysis: Techniques and Applicatibvalls, the acetlc-aC|d-pIa_1$ma treated quartz surface during the layer-
J. M., Ed.; Cambridge University Press: Cambridge, U.K., 1990.  by-layer assembling process.
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Catalyst Particle Formation. Figure 4 shows AFM parts a-c). In addition, the higher-magnification TEM image
images for the multilayer films of (PSS/iron colloidal of carbon nanotubes (Figure 6d) taken from an aligned
particles) with differentn after calcination. As can be seen, nanotube array produced on a (PSS/iron colloidal particles)
the surface packing density of the iron nanoparticles in- catalyst precursor film shows a reasonably graphitized
creased rapidly with increasing(Figure 4 parts ad). The structure with an outer diameter of ca. 15 nm, consistent
increase in the particle packing density with the deposition with the nanoparticle size (cf. Figure 4e). The above results
cycles was accompanied by a gradual increase in the particléndicate that there is considerable room for regulating packing
size (Figure 4 parts-ad). While the rapid increase in the density and size distribution of the catalyst nanopatrticles,
particle packing density with the deposition cycles indicates and hence the morphology and structure of carbon nanotubes
a steady introduction of the Fe catalyst component at eachsubsequently formed, by simply changing the deposition
of the deposition steps, the relatively slow concomitant cycle numbers during the layer-by-layer assembling process.
increase in the particle size suggests that the LBL-depositedTherefore, aligned carbon nanotubes with a controlled
polymer thin films have effectively prevented the catalyst structure and morphology can be readily produced by
nanoparticles from segregation during the calcination process.judiciously designing the layer-by-layer assembling process.
The enlarged AFM image given in Figure 4e for Figure 4b
clearly shows uniformly distributed nanoparticles of an Conclusions

average diameter of ca. 15 nm were produced after calcina- .
tion of a (PSS/iron hydroxide colloidal particleshultilayer We have demonstrated that the layer-by-layer assembling

film on the quartz substrate in Argat 750°C for 5 min. process can be applied to fabricate catalyst particles of a
The corresponding TEM image in Figure 4f indeed shows controllable size distribution and packing density on ap-
the presence of a thin carbon protective coating around theProPriate substrates for controlled synthesis of aligned carbon
catalyst particles. Therefore, the layer-by-layer assembling "anotubes with a specific structure and morphology. In
should, in principle, enable us to prepare uniformly dispersed Particular, we have prepared poly(sodium-4-styrenesulfonate)
catalyst nanoparticles with a controllable packing density and @nd iron hydroxide colloid multilayer films via the layer-
size distribution by simply regulating the number of deposi- Py-layer assembling onto an acetic-acid-plasma treated quartz
tion cycles and/or relative amounts of the cationic and anionic Platé, followed by reducing with Ar/Hat 750°C (i.e.,
components within each of the constituent layers. calcination) and subsequent carbon nanotube growth by
Aligned Carbon Nanotube Growth. Following previous ~ Prolysis of acetylene in a quartz tube furnace under a
work on the growth of aligned MWNTS from iron nanopar- €ombined flow of Ar and Hat 750°C. UV—vis absorption
ticles reported by several groufs2® including usi® we gnd ?(PS spe_ctroscoplc mea;urement_s, toggther with AFM
proceeded to use the layer-by-layer assembled iron catalysimaging, confirm the consecutive formation of iron hydroxide
nanoparticles on the quartz plate famtrolledsynthesis of colloidal particles/PSS mul.tllayer catalyst precursor films.
aligned carbon nanotubes by pyrolysis of acetylene under a'he layer-by-layer assembling was shown to possess advan-
combined flow of Ar (600 sccm) and H20 sccm) at 750 tages in not only providing an easy control of the particle
°C for 10 min. packing density and size distribution by simply regulating
Figure 5 shows SEM images taken from carbon nanotubesthe layer number but also allowing the layered polymer thin
grown from the iron catalyst nanoparticles produced with films to form thin carbon coatings surrounding the interca-
different numbers of the layer pairs. As can be seen in Figure lated catalyst nanoparticles to prevent them from segregation
5a, nonaligned carbon nanotubes were formed on the quartzduring the calcination and nanotube growth processes. SEM
plate with one layer pair due, most probably, to a low surface @ahd TEM images show the formation of perpendicularly
density of the iron catalyst nanoparticles on this particular @ligned carbon nanotubes with a layer-number-dependent
substrate surface (cf. Figure 4a). Partially aligned carbon tube diameter and packing density. Aligned carbon nanotubes
nanotubes (Figure 5b), however, were prepared from theWwith a controlled structure and morphology were produced
(PSSliron hydroxide colloid particlgsyatalyst precursor by simply controlling the layer number. The highly generic
films with two layer pairs (i.e.n = 2). Further increasing  nature of the layer-by-layer assemblittg?together with the
the number of the (PSS/iron colloidal particles) layer pairs €ase with which colloidal solutions can be prepared from a
led to the formation of well-aligned carbon nanotubes with large variety of metal ions, could make the methodology
a uniform length of about 25 micrometer (parts ¢ and d of developed in this study a general and effective approach
Figure 5). It can also be seen in Figure 5 that the packing toward the controlled synthesis of aligned carbon nanotubes
density of the resultant aligned carbon nanotubes increasedor many potential applications.
with increasingn. Comparing Figure 5 with Figure 4
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