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We demonstrate fabrication of multidirectional and hierarchical carbon nanotube (CNT) films
on diverse substrates, using nanocomposite catalyst films prepared by layer-by-layer (LBL)
assembly. CNT density and yield are controlled by the thickness of a montmorillonite clay/
poly(dyallyldimethyl ammonium chloride (MTM/PDDA) support film. Using identical methods,
few-walled CNTs are grown on flat silicon substrates, carbon fibers, and titanium wire mesh. On flat
substrates, unique bilayer CNT forests, reminiscent of microscale “accordions”, form because of
diffusion of the Fe catalyst through the support which is then split because of mechanical forces
exerted by the growing CNTs. Electrochemical measurements of CNT-coated Ti wires demonstrate
an 85-fold enhancement in specific capacitance, and 7.1 F/g for the CNTs alone. This novel approach
to substrate engineering for CNT growth can create materials with unique and nonlinear properties by
hierarchical ordering of CNTs at multiple length scales, and is scalable to large-area foils and fabrics.

Introduction

The outstanding properties1 of carbon nanotubes
(CNTs) have generated wide interest and progress in their
controlled production. Practical use2,3 of CNTs requires
control of their key nanoscale characteristics such as
diameter, packing, and alignment, as well as their collec-
tive order and arrangement at higher length scales. It is
especially important to incorporate CNTs in composite
architectures with other materials to achieve complemen-
tary andmultidirectional properties owing to hierarchical
control of CNT organization. Such hybrid CNT materi-
als with unique structural features suggest a foundation
for major improvements in the performance of, for
example, battery and capacitor electrodes, transparent

conductors, static discharge films, filtration membranes,
electromechanical probes, thermal interfaces, composite
sports equipment, and next-generation biointerfaces.3-7

Overall, development of scalable three-dimensional com-
posite architectures is a long-standing challenge that has
stimulated many innovations in fiber processing and
weaving,8 and now demands new methods of bottom-up
organization of nanostructures that can impart new
passive and active functions in materials.9,10

For these needs, it is particularly advantageous to
fabricate CNTs by chemical vapor deposition (CVD),
since CVD affords local control along with scalability to
large areas and volumes. While bulk production of CNT
powders by CVD has become a relatively mature tech-
nology, direct growth of CNTs on substrates is vital for
achieving the highly organized architectures needed for
composites.4 Specifically, the diameter, density, and or-
ientation of CNTs within films have important effects on
the collective properties of the assembly, and integration
of CNTs on more complex substrates such as advanced
fibers and metal foils is needed for use of CNTs in
applications such as structural composites11,12 and elec-
trochemical storage devices.13

*To whom correspondence should be addressed. E-mail: kotov@umich.
edu (N.A.K.), ajohnh@umich.edu (A.J.H.).
(1) Harris, P. J. F. Carbon Nanotube Science - Synthesis, Properties,

and Applications; Cambridge University Press: New York, 2009.
(2) Baughman, R. H.; Zakhidov, A. A.; de Heer, W. A. Science 2002,

297(5582), 787–792.
(3) Endo, M.; Hayashi, T.; Kim, Y. A.; Terrones, M.; Dresselhaus,

M. S. Philos. Trans. R. Soc., A 2004, 362(1823), 2223–2238.
(4) Eklund, P. C.; Ajayan, P. M.; Blackmon, R.; Hart, A. J.; Kong, J.;

Pradhan, B.; Rao, A.; Rinzler, A. International Assessment of
Research and Development on Carbon Nanotubes: Manufacturing
and Applications; World Technology Evaluation Center, Inc.: Baltimore,
MD, 2007.

(5) Holt, J. K.; Park, H. G.; Wang, Y. M.; Stadermann, M.; Artyu-
khin, A. B.; Grigoropoulos, C. P.; Noy, A.; Bakajin, O. Science
2006, 312(5776), 1034–1037.

(6) Wu, Z.; Chen, Z.; Du, X.; Logan, J. M.; Sippel, J.; Nikolou, M.;
Kamaras, K.; Reynolds, J. R.; Tanner, D. B.; Hebard, A. F.;
Rinzler, A. G. Science 2004, 305(5688), 1273–1276.

(7) Kotov, N. A.; Winter, J. O.; Clements, I. P.; Jan, E.; Timko, B. P.;
Campidelli, S.; Pathak, S.; Mazzatenta, A.; Lieber, C. M.; Prato,
M.; Bellamkonda, R. V.; Silva, G. A.; Kam,N.W. S.; Patolsky, F.;
Ballerini, L. Adv. Mater. 2009, 21(40), 3970–4004.

(8) Dickinson, L. C.; Farley, G. L.; Hinders, M. K. J. Compos.
Technol. Res. 1999, 21(1), 3–15.

(9) Sanchez, C.; Julian, B.; Belleville, P.; Popall, M. J. Mater. Chem.
2005, 15(35-36), 3559–3592.

(10) Chou, T. W.; Gao, L. M.; Thostenson, E. T.; Zhang, Z. G.; Byun,
J. H. Compos. Sci. Technol. 2010, 70(1), 1–19.

(11) Qian, H.; Greenhalgh, E. S.; Shaffer, M. S. P.; Bismarck, A.
J. Mater. Chem. 2010, 20(23), 4751–4762.

(12) Coleman, J. N.; Khan, U.; Gun’ko, Y. K. Adv. Mater. 2006, 18(6),
689–706.

(13) Su, D. S.; Schlogl, R. ChemSusChem 2010, 3(2), 136–168.



1024 Chem. Mater., Vol. 23, No. 4, 2011 Li et al.

While there have been many recent developments in
CNT synthesis toward these goals,14-17 the viability of a
particular synthesis method (and specifically the combi-
nation of catalyst and substrate) is typically restricted to a
narrow window of process conditions (i.e., temperatures,
feedstocks) and CNT characteristics (i.e., film organiza-
tion, diameter, density). In other words, the character-
istics of the CNT film are coupled intimately with the
growth process parameters and the characteristics of the
substrate. For example, efficient CNT growth typically
requires a transition metal oxide support (e.g., Al2O3)
that enhances growth because of electron transfer to the
catalyst, and prevents agglomeration of the catalyst
particles.18,19 This often restricts efficient CNT growth
to flat substrates such as silicon wafers that can be coated
with thin oxide layers, and hence limits structural control
of the produced materials. The support and catalyst
are typically deposited by physical vapor deposition
(PVD) methods, which generally require a high vacuum
environment.20-22 As a result, growth of CNTs on topo-
graphically complex three-dimensional (3D) substrates
usually requires choice of a substrate that already con-
tains the catalyst,23,24 or requires multistep coating.25,26

Further, while wet chemical methods can create nano-
particle catalysts for growth of CNTs and other one-
dimensional nanostructures, uniform coating of 3D sub-
strates using wet chemical methods is difficult as well.
Low-cost methods of catalyst preparation on diverse
substrates, along with the ability to control the key char-
acteristics of CNT films via straightforward and scalable
means, are therefore needed for large-scale production of
CNT films with complex and hierarchical order.
We present a new and versatile method of preparing

substrates for CNT film growth, where the catalyst is
prepared as a metal-ceramic nanocomposite using layer-
by-layer (LBL) assembly. In contrast to physical deposi-
tion methods, the nanocomposite catalyst (Fe/MTM) is
deposited at room temperature and pressure, by a simple

dip-coating LBL assembly method. LBL has been widely
used to assemble complex films from modular nanoscale
components,27,28 and has been used to deposit catalyst
particles for CNT growth;29 however, the utility of pre-
vious work was limited because it did not deposit a
growth-promoting support layer as well. Similar material
combinations were used to grow CNTs from catalyst-
coated porous wollastonites,30 flake31 or lamellar32 sub-
strates, such as by injection CVD of aerosols containing
both the catalyst-coated substrate material and the carbon
source.33 Nevertheless, these bulk exfoliation approaches
did not exploit the ability of nanocomposite catalysts to
control CNT film architecture on substrates.
LBL deposition of the both support and catalyst as a

robust nanocomposite layer facilitates control of the
morphology and thickness of CNT films, and enables
conformal CNT growth on complex substrates such as
metal foils and carbon fibers. This versatile solution-
based technique overcomes limitations of physical vapor
deposition, which typically require expensive equipment
and high vacuumconditions. Further, the nanocomposite
LBL catalyst enables large-scale growth of CNT films
with controlled hierarchy, without requiring changes of
the catalyst system. This is engineered by competition
between the formation of the nanocomposite catalyst by
diffusion and the forces involved in self-organization of
the CNT film, to create, for example, self-stratified CNT
bilayers. Our method can potentially enable hierarchical
ordering of CNTs at multiple length scales, and may find
use in designing materials with nonlinear mechanical
properties34 or other metamaterial characteristics.35

Experimental Methods

Materials. Naþ-Montmorillonite (“Cloisite Naþ”, MTM)

powder was purchased from Southern Clay Products (Gonzales,

TX). Poly(dyallyldimethyl ammonium chloride) (PDDA) was

purchased from Sigma-Aldrich. MTM and PDDA were both

dispersed in E-pure water (Barnstead). Fe2O3 nanoparticles

were synthesized fromFeCl2, FeCl3, andNH4OH(Sigma-Aldrich)

via a previously published procedure,36 with mean diameter

10-12 nm.

LBLFilm Preparation.The nanocomposite catalyst consisted

of adesired number ofMontmorillonite (MTM) clay layers beneath

a layer of magnetite (citrate-functionalized Fe2O3) nanoparticles,

which were assembled by LBL using positively charged PDDA.
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Prior to the LBL assembly of the MTM/PDDA film,27 the Si

wafers were cleaned with piranha solution (3:1 H2SO4/H2O2),

for 1 h, followed by thorough rinsing with deionized water. For

the LBL assembly, the clean Si wafer was immersed in 1 wt %

solution of PDDA (mass: 1 � 105-2 � 105 g-mol-1), for 2 min,

rinsedwithDIwater for 1min, then immersed in 0.5wt%MTM

dispersion for 2 min, then rinsed again for 1 min. The cycle was

then repeated as necessary to obtain the 10, 20, 30, 40, and 50

bilayers of PDDA and MTM. Once the desired number of

bilayers was prepared, the corresponding films were annealed

(see below) to remove the PDDA from among theMTM layers.

After annealing, the samples were immersed in PDDA again

for 10 min at ambient temperature and then rinsed with DI

water for 2 min, as described in our previous work.37,38 PDDA

facilitated adsorption of the catalyst nanoparticles in the final

step. Accordingly, the films were then dipped in a solution of

negatively charged Fe2O3 nanoparticles
36 (≈10-12 nm in dia-

meter, ∼10 mg/mL) for 10 min and then rinsed again with DI

water for 2 min. The films were then again annealed to remove

the PDDA, and to create the final nanocomposite catalyst. The

nanocomposite catalysts were also deposited onto aerospace-

grade carbon fibers (provided by the Boeing Company) and

titanium wire mesh (0.076 mm diameter wire, #40918 fromAlfa

Aesar) via the same process.

Annealing. The substrates were annealed after deposition of

MTM, PDDA, and Fe2O3 nanoparticle films. The Si wafer

samples were loaded into the center of the quartz tube furnace

(see below), and then baked in air at 825 �C for 30 to 35 min,

with the ends of the quartz tube open. The Ti mesh samples

were annealed at 825 �C in a continuous air flow of 100 sccm

(Airgas, zero grade) for 30 min. Carbon fiber samples were

annealed at 500 �C in a continuous air flow of 100 sccm (Airgas,

zero grade) for 60 min. The lower annealing temperature of the

carbon fiber was necessary to prevent damage to the material due

to oxidation.

CNT Growth. CNT growth was performed in a single-zone

atmospheric pressure quartz tube furnace (Lindberg) with a

30 cm long heating zone, loading a quartz tube (inside diameter

22 mm), using flows of He (99.999%, Airgas), C2H4 (99.5%,

Airgas), and H2 (99.999%, Airgas). A bubbler filled with ethanol

(C2H5OH)was added to the gas delivery system, so that part of the

He flow could be diverted through the bubbler, therefore adding a

small concentration of ethanol vapor to the growth atmosphere.39

The annealed growth substrates were cut into 5 � 10 mm pieces,

andplacedona1� 6 cmsectionofSiwafer as a sampleholder.The

sample holder was initially placed outside the heated region of the

furnace. The quartz tubewas flushed for 5minwith 1000 sccmHe,

and then the furnace was ramped up from room temperature to

825 �Cin10minunder a flowof400 sccmH2and100 sccmHe.The

temperature was then held at 825 �C for 25min under gas flows of

400 sccm H2, 100 sccm He, and 100 sccm C2H4. At the desired

times, 50 sccmHewas diverted through the bubbler. After ethanol

had been introduced for 5 min, the sample holder was rapidly

moved into the heated region using a steel pushrod that was fed

through a fitting in the furnace end-cap. After the desired

growth time elapsed, the furnace power was turned off, the

furnace cover was opened, and the samples were cooled in

1000 sccm He flow for 10 min. Carbon fiber samples were cut

into 5mmbundles and Timesh samples were cut into 15mmby

15 mm pieces, and both followed the same growth recipe as the

Si wafer samples.

Characterization. Substrates were characterized by scanning

electron microscopy (SEM) using a Philips XL30-FEG-SEM

(10 keV, and spot size 3), transmission electron microscopy

(TEM) using 300 keV, thermo gravimetric analysis (TGA,

Perkin-Elmer Pyris 1). TGA samples were prepared by remov-

ing ≈0.5 mg of CNTs grown with 40 support bilayers using a

razor blade. The sample was first held at 30 �C for 30 min, and

then heated to 900 �C in air (10 �C/min).

Small-angle X-ray scattering (SAXS) was also used to quan-

tify the CNT alignment for samples grown from the nano-

composite catalyst. Alignment was quantified by calculating

the Hermans orientation parameter, which is a measure for the

mean square cosine of the angle between the average CNT

direction and a reference direction. X-ray scattering data are

used to obtain this mean square cosine by numerical integration

of the corresponding intensity distribution about the beam’s

axis.40 This technique was first developed for characterizing the

alignment of polymer chains41 and was later adopted for map-

ping the morphology of CNTs within an array.42,43 SAXS was

carried out at the G1 station at the Cornell High Energy

Synchrotron Source (CHESS), using a synchrotron X-ray beam

energy of 10 ( 0.1 keV. To focus the beam size to ≈10 μm, a

single-bounce monocapillary was used, and the samples were

placed on a motorized stage at the focal length of the focusing

optics.44

Cyclic voltammetry (CV) tests were performed using a

potentiostat (Epsilon, Bioanalytical Systems Inc. Data was

recordedbyBASi-Epsilon-EC,Ver 1.60.70_XP).TheCNT-coated

Ti mesh (or control substrate) was used as the working electrode,

AgCl/Ag was the reference electrode, and Au foil was the counter

electrode. The electrolyte was 80 mL of NaOH-K3PO4-EDTA

buffer solution (Buffer solution concentrate, SB109-500, Fish-

erchemicals, 1:24 dilute), whichmaintained pH=7.00( 0.02. CV

tests were carried out at a scan rate of 100 mV/s, and a voltage

sweep range from-500 to 500 mV, for 10 cycles. The capacitance

was calculated using the last cycle of data.

Results and Discussion

CNT Growth Control and Self-Stratification on Flat

Substrates. The step-by-step process for preparing the
nanocomposite catalysts by LBL assembly and for CNT
growth is shown in Figure 1, and full details are written in
the Experimental Methods section. In brief, the process
has five steps: (1) deposition of the MTM support by the
LBL method; (2) removal of the polymer between the
MTM layers by annealing in air; (3) deposition of the Fe
catalyst on top of the annealed MTM film; (4) a second
annealing process to create the nanocomposite catalyst;
and (5) CNTgrowth in a hydrocarbon atmosphere, which
is a mixture of C2H5OH/C2H4/H2/He. After a systematic
search of the CNT growth parameter space, we found a
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set of process parameters (see Experimental Methods

section) that maximized the CNT forest height for the

formulations of the nanocomposite catalyst that we

studied. The data in this paper were obtained at these
conditions.
We first discuss CNT growth from nanocomposite

Fe/MTM catalysts deposited on flat silicon substrates.

We found that the thickness of the MTM support, which

is precisely determined by the number of layers (N)

deposited by LBL, provides a facile means of tuning the

morphology and yield (growth height) of the CNTs.

Figure 2a shows the relationship between the CNT film

thickness and the number of MTM bilayers. This pro-

found trend in CNT film thickness, which increases for

N= 10-40 and subsequently decreases forN=50-100

indicates that the thickness of the MTM support film

controls the behavior the Fe catalyst particles for CNT

growth. This is known because the conditions of Fe

particle deposition were the same in all cases, and the

mechanism for this is discussed later.
SEM examination reveals that, with increasing N, the

CNT film first transitions from a tangled morphology
(Figure 2d) to a vertically aligned morphology (Figure 2e).
When there is a sufficient density of active catalyst
particles on the substrate, the CNTs self-organize into
the vertically aligned forest at the start of the growth
process. After this condition is satisfied, the CNTs can
grow to very high aspect ratios (length/diameter .1000)
while collectively maintaining the aligned film texture.
On the other hand, when the density of CNT growth is
below the critical threshold45 for vertical alignment, the
terminal height of the CNT forest is much lower because
the entanglement among the CNTs causes significant
steric hindrance. AtN=40, the CNT film height reaches
a maximum and is uniquely self-stratified into two verti-
cally aligned layers as discussed later; and forN>40 the
CNT film height decreases monotonically with increasing
N (Figure 2f). Sparse tangled CNTs and amorphous
carbon deposits were observed after growth experiments
with Fe particles deposited by LBL on bare thermally
oxidized Si wafers withoutMTM. Therefore, theMTM is
essential to physically stabilize the Fe particles, and
promotes the catalytic activity of Fe for efficient CNT
growth. This role is consistent withmany previous studies
of howmetal oxides, especiallyAl2O3, promote high-yield
CNT growth from Fe.17,21,46 From previous work, we
estimate the thickness of one bilayer (MTM/PDDA) to be
approximately 20 nm.47 However, annealing removes the
PDDA, so the final thickness after annealing is closer to
the MTM layer thickness of 0.94 nm.
TEM images (Figure 2b) show that the CNTs are

typicallymultiwalled under these growth conditions, with
average outer diameter 7.0( 1.7 nm, and 4.3( 1.1 walls.
It should be possible to control the CNT diameter by
using different sized nanoparticles, in conjunction with

Figure 1. Scheme for deposition of supported catalyst by LBL assembly,
followed by CNT growth by atmospheric pressure CVD.
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the appropriate CNT growth conditions (e.g., pressure,
temperature, feedstock mixture).
The purity and structural quality of the CNTs grown

from 40 support layers were evaluated by TGA, and these
results are shown in the Supporting Information, Figure
S1. The TGA curves of mass versus temperature reveal
three important points: (1) a mass loss of less than 5%
below 500 �C, indicating that the sample contains less
than 5% amorphous carbon; (2) a derivative peak at
≈720 �C, indicating that the structural quality of the
CNTs is comparable to CNT forests grown from physi-
cally deposited catalyst thin films;48 and (3) a residual
mass of≈25%, indicating≈300% yield of CNTs per unit
mass of MTM support.
The inhomogeneity in the texture of the LBL-deposited

films, which arises because of the finite size and flexibility
of the MTM flakes, leads to non-uniformity in the CNT
forests. Further, the local topography of theMTM support

can affect the local organization of the CNTs and hence
cause local variations in the film thickness. When this
variation is substantial, the resulting mechanical stress49,50

that arises during CNT growth causes the CNT film to
separate into distinct pillars which may grow at different
rates. Many of the films made from the nanocomposite
catalyst exhibit this morphology, and therefore the CNT
film height was calculated by averaging several measure-
ments taken over a large area. The roughness of the
nanocomposite catalyst can, in principle, be controlled
by the LBL deposition conditions, and this can be a means
of controlling the accessible surface area of the CNT films.
The morphology and thickness of the MTM support

also affect how the Fe2O3 particles are incorporated into
the MTM, and how the nanocomposite catalyst forms
during the annealing step that follows Fe2O3 deposition.
These behaviors in turn affect the morphology and

Figure 2. Effect of the number ofMTMsupport layers andCNTforestmorphology andheight: (a) relationship between number of layers andCNTheight
after 20 min exposure to the reaction atmosphere. The error bars in (a) indicate(1 standard deviation of the height measured at several locations on the
substrate; (b) TEM image of individual CNTs separated from a film grown on a substrate with 40 support layers; (c-e) SEM images of CNT films on
substrates with 10, 40, and 50 bilayers, respectively.
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thickness of theCNT film. Although theMTMcomprises
sheets with in-plane dimensions that far exceed their nano-
scale thickness, we have previously shown that polymers
can diffuse through the nanoscale gaps among the MTM
sheets.51 This occurs during Fe2O3 deposition as well;
thus there are catalyst particles not only on the top surface
of the MTM support film, but also between the MTM
layers beneath the surface.
The migration of Fe into the MTM support, and the

extrusive forces generated by the nucleation and growth
of CNTs, lead to the unique self-stratified CNT forests
shown in Figure 3. The CNTs separate the nanocomposite

catalyst structure into multiple layers, and CNTs grow
from the faces of the separated layers. In different areas of
the same sample,weobservedbidirectional growthof aligned
CNTs from stratified layers in themidsection of the forest

(Figure 3c-e), and unidirectional growth from layers that
separate from the substrate and remain at the top of the
growing forest (Figure 3f-h). The self-stratification con-
firms that the catalyst is a true nanocomposite, and the
self-organization of CNTs growing from Fe particles

beneath the top surface causes the composite to swell, and
causes the layer to separate. The high in-plane aspect ratio
of the stratified catalyst layers profits from the robust
mechanical properties andhigh thermal stabilityof theMTM
layers.27,52Nevertheless, further studyof the strengthofCNT-

MTM adhesion and CNT-substrate adhesion is needed.

Figure 3. Self-stratifiedCNT films growthwith 40 support bilayers: (a) schematic of self-stratified growthmechanismbyFemigration through the support
layers, followed by mechanical cleavage because of forces exerted during the initial stages of CNT growth; (b) map of Hermans orientation parameter,
indicating multidirectional texture at top and bottom of film; (c-e) SEM images of bidirectional CNT forest growth from separated nanocomposite film;
(f-h) SEM images of unidirectional CNT forest growth from separated nanocomposite film.

(51) Podsiadlo, P.; Michel, M.; Lee, J.; Verploegen, E.; Kam, N. W. S.;
Ball, V.; Qi, Y.; Hart, A. J.; Hammond, P. T.; Kotov, N. A. Nano
Lett. 2008, 8(6), 1762–1770.
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The morphology of the CNT ensembles was also
investigated by spatially resolved measurement of the
CNT alignment from SAXS patterns. We mapped the
Hermans orientation parameter with 10 μm spatial reso-
lution along the height of the CNT films.44 The results for
a multilayer CNT forest (40 bilayers) are shown Figure 3b,
revealing that the preferential vertical alignment of CNTs
is greatest in themiddle portion of the film height, and the
alignment decays at the top and bottom of the film. This
behavior is in agreement with previous results obtained
for CNT growth on catalysts prepared by e-beam evap-
oration,53 which were used to elucidate the successive
stages of growth and termination of CNTs based on a
collectivemechanism.45Nevertheless, the small values of the
orientationparameter throughout theLBLsamples indicate
that the CNTs are generally more tortuous than forests
grown from thin-film catalysts in our previous work. In
addition, the separation and stratification of the CNTs
observed in LBL samples gives rise to a multidirectional
texture, that is, the scattering pattern obtained on the
X-ray area detector represents an image of the collective
scattering of all CNTs in the beam path. Despite the local
alignmentamongCNTswithinabundle, theglobal tilt angles
of these bundles (separate ensembles) could be different in
different locations of the same sample, as shown in SEM
images in Supporting Information, Figure S2, thus causing
themeasured orientation values to represent a case of amore
random orientation. This populationmay even include some
horizontally oriented CNTs, especially at the bottom of the
CNT forest (near the substrate), where negative values of the
orientation parameter were measured.
Bilayer CNT forests were observed only on substrates

prepared with 40 MTM layers, and substrates with more
than 40 (up to 100) layers showed single-layer CNT forests.
This result confirms the competition between Fe migration
inside theMTM, and the process of self-organization that
is needed to create an aligned forest. When the MTM
support is thicker (more layers) and the amount of Fe
deposited is kept the same, the Fe spreads out farther into
the MTM, and therefore there is an insufficient local
density of catalyst to self-organize andproduce enough force
to stratify thenanocomposite intomultiple catalyst films.On
the other hand, when the support is thinner than 40 layers,
there are only enough catalyst particles to self-organize a
forest on the top surface of the film. The relative surface
areas of the Fe andMTM are also important to the growth
process, because a low activity of CNT growth occurs for
N = 10, leading to a tangled CNT morphology. Further
characterization and control of the formation of nanocom-
posite catalyst layers could enable more unique architectures
such as self-expanding “accordions” that give increased yield
andheight,whichare difficult toobtain byothermeans.For
example, by spatially varying the concentration of Fe
throughout a LBL film, wemay be able to induce stratifica-
tion of the composite into more than two layers.

Conformal CNT Forest Growth on 3D Substrates. The
versatility of the Fe-MTM system for CNT growth also
enables growth of conformal CNT films on 3D substrates.
Specifically, growth of CNTs on electrically conducting
substrates could be used to directly build electrochemical
devices and fluid filters; and growth of CNTs on advanced
structural fibers could enable significant reinforcement of
structural composites.
To this end, we deposited, annealed, and grewCNTs on

a commercially available titanium (Ti) wire mesh (wire
diameter≈75 μm), and on aerospace-grade carbon fibers
(diameter≈10 μm, obtained from the Boeing Company).
These results are shown inFigure4andFigure5, respectively.
On the Ti mesh, single-layer CNT forests grow radially
from the surfaces of the individual wires including at the

Figure 4. SEM images of CNT forests grown on Ti wire mesh with 10
support bilayers, showing conformal forest growth from the curved
substrate at different magnifications in (a,b,c); and (d) anisotropic yet
tortuous morphology of CNTs within the forest.

(52) Manevitch, O. L.; Rutledge, G. C. J. Phys. Chem. B 2004, 108(4),
1428–1435.

(53) Meshot, E. R.; Hart, A. J. Appl. Phys. Lett. 2008, 92, 113107.
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intersections of the mesh (Figure 4a-c). The radial and
conformal morphology was confirmed by fracturing the
wires as shown in Supporting Information, Figure S3.
Localized extrusion of CNT ensembles is observed just
like on the flat substrates, and local separation (Figure 4d)
of the CNT bunches reveals the anisotropic texture of the
forest (Figure 4e). The support remains on the substrate,
indicating strong adhesion to the Ti wires, and amorphous
carbon residue is observed on the top surface of the CNT
forest.
CNTs grew conformally on the carbon fibers as well;

however, the coating showed a sparse tangled morphol-
ogy (Figure 5a-b), indicating a relatively low yield of
CNTs compared to the other substrates. Therefore, we
conclude that the activity of the nanocomposite catalyst is
lower on carbon fibers than on the Si and Ti substrates.
Because of the lower thermal stability of the carbon
fibers in air, we could anneal the fibers at only 500 �C.
We conclude this was insufficient to entirely oxidize the
PDDA, because TGA of PDDA alone indicates that
complete oxidation does not occur until above 600 �C.
In this case, the remnant PDDA decreases the activity of
the catalyst layer, and in turn decreases the CNT yield.

While it should be possible to achieve vertically aligned
CNTs on carbon fibers, further work is required to process
the nanocomposite layer to remove the PDDA at a
sufficiently low temperature to prevent damage to carbon
fibers. Likewise, it will be essential to evaluate how LBL
deposition and thermal treatment could affect the elec-
trical, thermal, and mechanical properties of the carbon
fibers, which are essential for use in composites. Despite
these present limitations, the conformal coating of such
small fibers by our method, along with the robustness of
the catalyst layers observed in our other experiments,
indicates promise of this system to create CNT-tailored
carbon fibers for composites.
Electrochemical Properties of CNTs Grown on 3D Sub-

strates. The functionality of 3D CNT forests grown from
nanocomposite catalysts was demonstrated by perform-
ing electrochemical measurements on the CNT-coated Ti
mesh substrates. Four samples representing different stages
within the catalyst assembly and CNT growth sequence
were evaluated. The corresponding cyclic voltammograms
for the 10th and last cycle of eachmeasurement are shown in
Figure 6. From this data, the capacitance (F), gravimetric
capacitance (f), and capacitance per unit area (a) were
calculated for each sample, and these values are given in
Table 1. Derivation of these parameters is described in the
Supporting Information.
We find that CNT coating results in an extreme

enhancement of the electrochemical performance of the
Ti mesh; specifically, the CNT-coated mesh has a specific
capacitance of 0.44 F/g, which is 85-fold higher than the
specific capacitance of the bare Ti mesh (5.1 mF/g). The
specific capacitance of the CNTs alone is 7.56 F/g, which
is approximately 1390 times higher than the bare mesh.
This value is within a factor of 10 below benchmark values
previously reported for CNTs transplanted onto electri-
cally conducting substrates, where the fabrication process
was designed specifically to maximize electrochemical
storage.54,55 The performance of our material may be
limited by surface oxidation of the Ti mesh, by contact
resistance at the CNT/MTM-Ti interface, and by the

Figure 5. SEM images of CNT growth on carbon fibers by LBL deposi-
tion of supported catalyst: (a) segment of individual fiber with tangled
CNT layer; (b) close-up image of tangled CNTs; (c) section of fiber where
CNTs and support were partially delaminated; (d) close-up image show-
ing contrast between support and fiber, indicating conformal coating of
fiber by clay layers, and selectivity of CNT growth on support.

Figure 6. Cyclic voltammograms of CNT forests grown on Ti wire mesh
substrates coated with N = 40 nanocomposite catalyst. The total capaci-
tance of the CNT-coated mesh is 85-fold that of the bare substrate prior to
deposition of the nanocomposite catalyst, annealing, and CNT growth.
The data for the Ti (green curve) and Ti/LBL (red curve) samples overlap.
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relatively low packing density (1.6%) of the CNTs.
Nevertheless, the outstanding enhancement of capaci-
tance demonstrates the versatility and potential of our
growth method for decorating metal substrates with
CNTs, while establishing an electrical path through
CNTs within the nanocomposite catalyst layer. Addi-
tional efforts to characterize and optimize the catalyst-
substrate interface, to tune the CNT growth character-
istics to optimize trade-offs between density and ion
transport, and to grow CNTs from nanocomposite cata-
lysts on other metals, will enable further enhancements in
energy storage properties.

Conclusion

We presented a versatile method for CNT growth in a
substrate-independent fashion, using nanocomposite cat-
alyst layers that are deposited by layer-by-layer assembly.
By choosing the thickness of the MTM support layer,
we demonstrate the ability to control the morphology of
the CNT forest on flat substrates. Unique formation of
self-stratified CNT forests by competition between Fe
diffusion in MTM and the mechanical forces exerted by
CNT self-organization indicates potential to create more
complex CNT architectures by controlled self-assembly
and diffusion of the catalyst components. The nanocom-
posite catalyst was further used to grow CNTs on metal

meshes and aerospace-grade carbon fibers, and the con-

formal coating of these substrates with theMTM support

layer demonstrates the ability to grow large areas of

CNTs on 3D substrates. This technique can be extended

to a wide variety of catalysts for CNT growth, and many

new substrate configurations including large-area fabrics

that will bolster development of nanostructuredmaterials

for applications including energy storage, advanced com-

posites, and smart surfaces.
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Table 1. Electrochemical Performance of Ti Wire Mesh Samples, before and after CNT Growth
a

bare Ti mesh Ti/LBL Ti/LBL, annealed Ti/LBL/CNT CNTs only (calculated)

F [mF] 3.56 � 10-2 4.16 � 10-2 5.42 � 10-2 2.94 2.89
f [F/g] 5.09 � 10-3 7.55 � 10-3 1.20 � 10-2

0.436 7.56

a [m2/g] 1.16 � 10-2 2.20 � 10-2 4.28 � 10-2 1.11 19.3

aEach column is a different sample, and the performance of theCNTs alonewas calculated usingmass- and area-normalized values from the Ti/LBL/
CNT and annealed Ti/LBL samples.
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