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Decoupled Control of Carbon Nanotube Forest Density
and Diameter by Continuous-Feed Convective Assembly
of Catalyst Particles

Erik S. Polsen, Mostafa Bedewy, and A. John Hart*

The widespread potential application of vertically aligned carbon nanotube (CNT)
forests have stimulated recent work on large-area chemical vapor deposition growth
methods, but improved control of the catalyst particles is needed to overcome
limitations to the monodispersity and packing density of the CNTs. In particular,
traditional thin-film deposition methods are not ideal due to their vacuum
requirements, and due to limitations in particle uniformity and density imposed by
the thin-film dewetting process. Here, a continuous-feed convective self-assembly
process for manufacturing uniform mono- and multi-layers of catalyst particles for
CNT growth is presented. Particles are deposited from a solution of commercially
available iron oxide nanoparticles, by pinning the meniscus between a blade edge
and the substrate. The substrate is translated at constant velocity under the blade
so the meniscus and contact angle remain fixed as the particles are deposited on
the substrate. Based on design of the particle solution and tuning of the assembly
parameters, a priori control of CNT diameter and packing density is demonstrated.
Quantitative relationships are established between the catalyst size and density, and
the CNT morphology and density. The roll-to-roll compatibility of this method, along
with initial results achieved on copper foils, suggest promise for scale-up of CNT
forest manufacturing at commercially relevant throughput.

such as filtration membranes, dry adhesives, and thermal
and mechanical interface layers.[l’sl Moreover, in order to
engineer the performance of CNTs in these applications, it
is necessary to control the diameter and packing density of
the CNTs within the forest.>%] Nevertheless, both funda-
mental and practical understanding of CNT forest growth by
chemical vapor deposition (CVD) remains largely limited to
empirically derived recipes that are used in batch processes,
such as on silicon wafers or pieces of wafers. As a result, the

1. Introduction

Owing to the growing interest in developing products that
use organized assemblies of carbon nanotubes (CNTs),
high throughput and cost-effective manufacturing methods
are required. Continuous processes are needed to scale-up
the production of CNT forests to large-area applications,
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packing density of CNT forests is typically no more than a
few percent relative to an ideal CNT solid, and the diameter,
alignment, and spacing of individual CNTs within the forest
are not uniform.[0-12]

The size and organization of the catalyst particles are crit-
ical to determining the characteristics of the resultant CNT
forest. It is well known that the catalyst particle size dictates
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the CNT diameter.['}] Moreover, because each particle can
give rise to one CNT, the density of the particles, and their
activation according to the growth conditions, determines the
CNT forest density. The most prevalent method of catalyst
preparation for substrate-bound CVD growth of CNTs is by
annealing thin films deposited by electron beam evapora-
tion or sputtering. Upon heating in a controlled atmosphere,
the internal stresses and defects in the thin film catalyst
cause it to form particles; this general process is known as
thin-film dewetting.'" Although the average size (diameter)
of the particles can be controlled by the film thickness and
the dewetting conditions (e.g., duration, temperature, atmos-
phere), dewetting of a thin film always results in a wide dis-
tribution of sizes that continue to evolve during subsequent
annealing and even during CNT growth.l'2!5-17 Due to this
polydispersity of catalyst particle sizes, CNTs grown by this
method typically exhibit a wide distribution of diameters
and resultant properties. In addition, this variance in par-
ticle diameter leads to a distribution of particle activation
behavior.['8! Typically, only 1% to 10% of all of the particles
on the substrate yield CNTs, and this may be governed in
part by the size distribution of the catalyst particles.!'"]

Moreover, the achievable areal density of particles is
inherently limited by the thin-film dewetting process and dif-
fusion of the catalyst into the substrate. Recently, Esconjau-
regui and colleagues showed that CNT forests with record
high packing density can be made by iterating sputtering
and annealing operations to achieve high-density catalyst
arrays.l'!l A bulk density equal to 62% of a closely packed
array was reported for double-wall CNTs with 2.4 nm average
outer diameter. However, because of the need for vacuum
deposition equipment and iterative processing, it is desirable
to explore alternative methods to achieve high-density cata-
lyst arrays, which leverage scalable wet chemistry synthesis of
nanoparticles.

Methods for continuous solution-based coating of thin
films are widespread in industry, including gravure and slot-
die coating (also called zone- or tape-casting).2%?!l These
are easily implemented by spreading a thin film of liquid
onto a moving web such as a metal foil. Convective self-
assembly, which is analogous to slot-die coating, can be used
to assemble organized arrays of micro- and nanoparticles on
substrates in a continuous-feed manner. In this process, which
is sometimes called ‘doctor blade coating’ or ‘blade casting,’
particles are spread by convection as the blade is translated
across the surface of the substrate (or vice-versa). Depending
on the balance between the evaporation rate at the meniscus
and rate of meniscus translation across the substrate, mono-
layers or multilayers of particles can be achieved.?22°] Blade
casting has been used to assemble both microparticles?2-2426]
and nanoparticles®! over macroscopic areas. This evapora-
tive self-assembly process is scalable and potentially cost-
effective compared to vacuum deposition methods because
an indefinite substrate as a flexible foil or film can be used,
because the process can occur at ambient conditions, and
because 100% of the particles end up in the final assembly.

However, most previous research on convective assembly
has focused on assembly of relatively large particles, such
as 0.1-1 um diameter polymer particles for photonic
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applications, compared to the small sizes and different mate-
rials (e.g., selected transition metals such as Fe) that are suit-
able as catalysts for CNT growth. Additionally, while the
goal of convective assembly is often to create close-packed
monolayers, for CNT forest engineering it would be desir-
able to control the packing fraction by understanding of
the governing assembly mechanisms and exploration of the
parameter space.

Monodisperse Fe oxide nanoparticles can be made by sev-
eral wet chemistry methods,[?’" and incidentally Fe oxide
nanoparticle solutions are the basis of ‘ferrofluids’ which
have many commercial applications including liquid seals
for rotating shafts, contrast agents for magnetic resonance
imaging (MRI), damping and heat transfer fluids for audio
speakers, magnetofluid lubricants, and active suspension sys-
tems. Due to their broad commercial applications, ferrofluids
are available in large quantities at low cost. For this reason,
we chose to investigate blade-casting of ferrofluids as a low-
cost means of catalyst array manufacturing for large-area
CNT film growth. In previous work, CNT films and forests
have been grown from pre-made nanoparticles deposited on
substrates, including particles from ferrofluids;*>4 however,
the typical method of spin-coating to deposit the particles is
not readily scalable to continuous-feed processing,>3% which
is needed to develop roll-to-roll manufacturing of CNT for-
ests on flexible substrates.

In this paper, we show that convective assembly enables
nanoparticle array manufacturing with decoupled control of
particle size and packing fraction, therefore enabling broad-
range tuning of the diameter and packing density of CNT
forests. Uniform CNT arrays with CNT diameters of 10 to
25 nm, are demonstrated by our method, at continuous depo-
sition speeds up to 0.4 mm s™'. Comparing quantitative AFM
image analysis to CNT forest density, we calculate the catalyst
yield for samples with monolayer catalyst particle deposits to
be at or below 6%. While the catalyst activation is low, we
achieve CNT forest densities that are not only controllable,
independent of catalyst particle diameter, but are 3-fold
higher than achieved using a standard single deposition of
thin film catalyst. Additionally, we present the successful
growth of VACNT arrays on Cu foils with our method. Our
results indicate the potential to significantly increase CNT
forest density and yield, and to immediately enable roll-to-
roll manufacturing of CNT forests for emerging commercial
applications.

2. Results and Discussion
2.1. Governing Principles

Assembly of pre-made nanoparticles into an organized array
potentially allows decoupled control of the particle dia-
meter and packing fraction. Drawing from previous studies
of microparticle assembly by blade-casting, a necessary con-
dition is for the supply of particles to the moving meniscus
to match the deposition rate of particles into the array at
the liquid interface. Hence, the required volume of particle
solution needed to achieve a monolayer of particles having a
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Figure 1. Volume of solvent (3.20 mg mL™! particle mass concentration)
required for convective assembly of a particle monolayer of desired
packing fraction, where individual data points represent the ferrofluid
(MSGW11, FerroTec) used in this study.

certain packing fraction can be calculated a priori, as shown
in Figure 1.

As the moving blade draws the solution across the sub-
strate, the stretched meniscus slips over the substrate surface
(Figure 2). Evaporation of the solvent causes convective flow
of particles toward the meniscus. The particles in this region
may assemble into well-ordered arrays by two complemen-
tary mechanisms, depending on the particle size and sur-
face chemistry, the liquid surface tension, and other process
parameters.?>3" For polymer microparticles, Dimitrov
et al. first discussed how particles from the bulk solution are
drawn into the meniscus via convective flow due to the evap-
oration of the solvent, then lateral capillary forces draw the
particles together into an ordered configuration as the inter-
stitial solvent evaporated.*”] Studying dodecanethiol-ligated
gold (Au) nanoparticles dispersed in toluene Bigioni et al.
showed that the particles are drawn to the air-liquid interface
due to convective flow. Ordered islands of particles formed at
the interface and were eventually pinned to the substrate as
the meniscus receded along the three-phase contact line.[*’)
During this pinning process, lateral capillary forces drew the
islands into contact.

Because water-based nanoparticle solutions in our
present work have a relatively low evaporation rate (of sol-
vent), we believe the convective assembly model first pro-
posed by Dimitrov is appropriate for this analysis. According
to Dimitrov and Nagayama, the linear growth rate (v.) of
a particle monolayer or multilayer, undergoing convective
assembly is equal to:[*]

Bljey
h(1 —e)(1 = ¢) (1)

v, =

where f3is a coefficient of proportionality, j. is the volumetric
evaporation flux per unit area of the solvent, [ is the evapo-
ration length (see Supporting Information), ¢ is the particle
volume fraction in the suspension, 4 is the thickness of the
layer, and ¢ is the porosity of the array. In order to maintain
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Figure 2. Nanoparticle array manufacturing by blade-casting.
(@) Schematic of blade-casting process and mechanism of particle
assembly at the liquid interface. (b) Schematic and (c) photograph of
setup used for blade-casting, where silicon wafer substrate is placed on
acopper platform supported by two thermoelectric chips. (d) Photograph
during blade-casting of 27.20 mg mL™* ferrofluid at 25 um s~*. Although
this apparatus has temperature control capability, all experiments in
this study were performed at room temperature.

a steady growth rate of a particle monolayer according to
Equation 1, the relative motion speed between the blade and
the substrate (v,) must equal v... If v, > v, a non-close-packed
particle layer will be formed, whereas if v, < v, multiple par-
ticle layers will be formed. This model is later used to inter-
pret our findings of how the blade-casting process parameters
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for nanoparticles are related to the array morphology, and to
the resultant CNT films grown from these particles by CVD.
Moreover, this model can be used to determine the volume
of solution (Figure 1) needed to form a monolayer of nano-
particles on the substrate, in contrast to the coupling between
film thickness and particle size that is observed for thin film
dewetting.

2.2. Nanoparticle Film Assembly by Blade-Casting

We first investigated the convective assembly of iron oxide
(magnetite, Fe;0,) nanoparticles, which were obtained com-
mercially as a water-based dispersion (ferrofluid MSGW11,
FerroTec). The average particle diameter of this dispersion,
as measured by dynamic light scattering (DLS), was 28.6 £
11.2 nm (Supporting Information, Figure S1). The particle
concentration of the fluid was controlled by diluting the as-
received fluid with deionized water.

Using the custom-built apparatus shown in Figure 2c,
solutions with particle concentrations varying from 0.33 to
163.2 mg mL™! were blade-casted onto 15 x 25 mm silicon
wafer pieces. The substrates had been previously coated with
10 nm Al,O; by sputtering (see Methods). A droplet of fluid
was applied at the interface between the blade (angled at 20°
from the vertical axis) and the substrate using a handheld
pipette, and the substrate motion was started at a constant
speed. For each experiment, the substrate speed was main-
tained at a constant value between 10 um s~ and 500 um s~'.
Once reaching steady-state, the dynamic contact angle between
the meniscus and the substrate did not change considerably
because a sufficient solution volume was used such that the
evaporation of the solvent during the process did not cause a
change to the contact angle. After the blade reached the end
of the substrate, the remaining fluid was removed from the
substrate. Any extra fluid must be removed quickly, before de-
pinning of the meniscus from the blade, in order to prevent a
backflow of the fluid onto the deposited area.

We found that the blade-casting parameters and sub-
strate surface energy significantly influenced the density and
uniformity of the assembled nanoparticle layers. Figure 3
shows AFM images of nanoparticle layers obtained at speeds
ranging from 10-50 um s~!, with and without oxygen plasma
treatment of the substrate prior to blade casting. As expected
from the governing principles of convective assembly, the cov-
erage of the substrate with particles decreases with increasing
deposition speed. Below the speed at which a uniform mon-
olayer is observed, multilayer particle arrays are formed.
Above this speed, reductions in the monolayer packing frac-
tion are observed, and eventually we observe intermittent
areas of particles on the substrate. For example, this is seen
by comparing the results at v, = 10 um s~! (multilayer) to v, =
50 um s7! (intermittent). We also observed that the particle
coverage is proportional to the particle concentration in the
starting solution (Supporting Information, Figure S2).

On substrates that were not plasma treated prior to blade-
casting, we observed non-uniform multi-layer aggregates of
particles rather than uniform monolayers. We attribute this
difference to the influence of plasma treatment on the wetting
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of the substrate; as shown in Figure 3b,c, plasma treatment
results in a significantly lower contact angle between the fluid
and the substrate. The large contact angles measured on the
non-treated substrates confirm that the interaction between
the solution and the Al,O; was too weak to enable meniscus
pinning during blade casting, and therefore the iron oxide
nanoparticles were not uniformly deposited on the substrate
when pinning does not occur.

Further, on non-treated substrates, we observed that
at the lower particle concentrations, or at high velocities
(exceeding those shown in Figure 3), the ferrofluid did not
sufficiently wet the substrate. Because of this, the meniscus
slid across the substrate surface and did not pin. This resulted
in samples where no visible film of particles was present after
the deposition. Malaquin et al. previously studied convective
assembly of polymer microparticles, and observed that where
above a critical contact angle, typically >20°, the particles
were no longer pinned to the substrate by the meniscus and
were instead carried away by the evaporation front.[3] How-
ever, we observed that at the higher particle concentrations,
the meniscus did form a lower contact angle, but at increased
velocities the pinning to the substrate was not sufficiently
strong to prevent a stick-slip motion of the ferrofluid as it
moved across the substrate with the blade. This motion of the
meniscus resulted in visible striations on the substrate surface
parallel to the blade edge once the deposition was complete.
Conversely, the fluid on the plasma-treated substrates always
exhibited a low contact angle meniscus that had a stable,
pinned evaporation front, and generated uniform particle
films on the substrates. Samples processed within this range
of the parameter space of concentrations and blade velocities
had a uniform color (Supporting Information, Figure S3); this
was a straightforward means of screening the results.

Additionally, on non-treated substrates at high velocity,
a negligible coverage of particles was deposited because the
contact angle is high and the evaporation front moves too
rapidly to allow particles to deposit on the surface. How-
ever, because the contact angle between the ferrofluid and
the plasma-treated substrates was significantly lower than
that of non-treated substrates, particles were deposited under
a broader range of solution concentrations and substrate
velocities. Also, the static contact angle of the fluid was found
to decrease with particle concentration on the non-treated
substrates (Figure 3c), which was expected due to the direct
coupling between particle concentration and surfactant con-
centration. However, the opposite trend was observed on
plasma-treated substrates (Figure 3b), and this is most likely
explained by the development of charged surface groups on
the substrates due to the plasma treatment, and their inter-
action with similarly charged particles in the ferrofluid (zeta
potentials from —-30 to —50 mV).

2.3. Control of CNT Morphology and Density

After blade-casting, all nanoparticle-coated substrates were
exposed to the same CVD recipe, involving a reduction step
(775 °C, 100/400 sccm He/H,), followed a hydrocarbon expo-
sure step (775 °C, 400/100/100 sccm He/H,/C,H,). We found
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as predicted by Equation 2. As shown in
Figure 4a, reduction of the blade velocity
at equivalent concentration resulted in
growth of a CNT forest. CNT forests were
also observed on substrates blade-casted
at conditions that we found resulted in
multiple layers of nanoparticles.

At even greater particle concentra-
tions in the fluid, the CVD process created
the ‘flake’ morphology, where the carbon
is deposited on the catalyst particles in
onion-like layers, and these carbon-coated
particles form a rigid plate-like microstruc-
ture. The carbon is deposited in spherical
layers over the catalyst particles, which
when combined with the neighboring par-
ticles, forms contiguous curled sheets.[*34]
Very few CNTs are formed in this regime,
but both TEM imaging (Figure 4d) and
Raman spectroscopy (Supporting Infor-
mation, Figure S6) of the samples indicate
that the carbon deposited around the cata-
lyst particles is graphitic. The thick multi-
layer of iron oxide nanoparticles that are
deposited in this regime (verified both
by optical color shifts and AFM analysis)
yields a large number of particles that are
. not in contact with the Al,O; substrate.

Focusing within the processing regime

" that leads to CNT forests, we then investi-

35 nm

T T
1 10 100 1
Concentration (mg/ml)

Figure 3. Nanoparticle arrays assembled by blade-casting at various conditions. (a) AFM
images of Al,05-coated Si wafer substrates after blade-casting of 3.20 mg mL™? ferrofluid
solution, for plasma-treated substrates (top) and non-treated substrates (bottom), at speeds
of 50, 25, and 10 um s, Static contact angles between ferrofluid solution and (b) plasma-

treated and (c) non-treated substrates.

that the existence of closely spaced yet isolated particles on
the plasma-treated substrates resulted in little agglomeration
upon annealing in H,/He prior to CNT growth (Supporting
Information, Figure S4, Figure S5). Moreover, we found that
the density of nanoparticles was directly related to the mor-
phology of carbon nanostructures that are grown on the sub-
strate using a standard atmospheric pressure thermal CVD
process.[*1]

Analysis of the CVD results identified a ‘phase dia-
gram’ (Figure 4a) with three distinct morphologies of carbon
nanostructures: sparse, tangled CNTs; vertically aligned CNT's
(‘forests’); and high-density carbon ‘flakes’. SEM images of
these morphologies are shown in Figure 4b-d, respectively.
We expect that an abrupt transition occurs between tangled
and aligned CNTs, as the particle density passes a critical
threshold whereby the CNTs are close enough to self-organize
into a cooperatively aligned array.[* When a tangled CNT
layer was observed, the corresponding catalyst particle arrays
had been fabricated with an insufficient fluid concentration
or an excessive blade velocity to form a uniform monolayer,
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gated how the density of the CNT forest
could be controlled by the blade-casting
process parameters. The volumetric den-
sity of each CNT forest was calculated
using the measured mass, top-view area,
and average height of the forest. We found
(Figure 5) that the CNT forest density was
controllably influenced by the velocity
of blade casting and the concentration
of the nanoparticle fluid. Notably, we find that blade-casted
catalyst arrays result in CNT forests with densities at least
3-fold higher than those grown from comparable standard
thin film dewetting, which typically gives forest densities of
15 to 30 ug mm= for the same CVD conditions.I'] Spanning
our results, blade-casting uniquely enabled tailoring of the
CNT forest density from ~1 ug mm™ to 90 ug mm= simply
by specifying the blade velocity and the concentration of the
particle solution.

To correlate the CNT density to the morphology and
density of the particle layer, we quantified the particle den-
sities from the AFM images of the blade-casted substrates
before the CNT growth step. The number of particles was
determined using a custom code developed in Matlab and
modified from our previous work,['#!9 which identifies the
locations of particle peaks in the AFM data. These peaks were
then used to perform a Voronoi cell analysis to determine
the average particle spacing over the sampled area. Each
of the samples that had monolayer particle arrays was ana-
lyzed, and a sample of the resulting analysis is presented in
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Figure 4. Control of carbon nanostructure morphology by blade-casting
parameters, and including process window for CNT forest growth.
(a) Relationship between blade velocity, particle solution concentration,
and film morphology (tangled, forest, flakes). Data points are from
experiments, and lines are drawn to indicate approximate boundaries.
(b-d) SEM images for the tangled, forest, and flakes morphologies,
respectively. The close-up image in (d) was taken by high-resolution
TEM.

Figure 6a. The particle density exhibited an inverse relation-
ship with the blade casting speed, as previously illustrated in
Figure 3, which qualitatively matches with the trend in CNT
forest density.

2.4. CNT Diameter and Alignment Analysis

Next, small angle X-ray scattering (SAXS) was used to non-
destructively measure the CNT diameter distribution within
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the CNT forests.'>19%] We found (Figure 7a), that CNT
diameter increases slightly with increasing particle number
density on the substrate. This trend is consistent for blade-
casting conditions that give monolayers and multilayers of
catalyst particles. This is due to the presence of additional
iron oxide nanoparticles that are in close proximity to each
other, which causes the particles to agglomerate during the
annealing and reduction phase prior to hydrocarbon expo-
sure. AFM images (Supporting Information, Figure S7) com-
paring blade-casted substrates before and after annealing
show that the magnetite particles coarsen slightly and transi-
tion from smooth to faceted texture.

Combining the measurements of CNT diameter and wall
thickness by SAXS, the Hermans orientation parameter by
SAXS (Supporting Information, Figure S8), and the volu-
metric density, we then calculated how the number density
of CNTs per unit area changes with the process conditions
(see Supplemental Information). Comparing the average
number of catalyst particles pre-growth, and the average
number of CNTs per unit area allowed the particle activation
percentage to be calculated (Figure 6b). While the activation
percentage for these samples was low, between 0.5 and 6%,
there was an increase in catalyst particle activation with an
increase in particle packing density, and subsequent VACNT
forest volumetric density. Therefore, the tunability of CNT
number density is both a direct effect of the particle number
density from blade-casting as well as a cooperative increase
in the activation percentage (i.e., the proportion of particles
that grows CNTs) as shown in Figure 6b. This correlation
between the particle areal density and the catalytic activation
of particles for CNT growth, suggests a cooperative or auto-
catalytic nature of CNT growth from catalyst nanoparticles in
close proximity.['%#7]

It is generally accepted that high-yield activation of cata-
lyst particles for CNT growth on a substrate such as silicon
requires an oxide support layer such as Al,05.[%41 This is
illustrated by the lack of VACNT growth on a silicon sub-
strate without Al,O3, which was prepared identically to a sub-
strate with Al,O; that produced a forest. Thus we expected
that the significant majority of CNTs grow from particles that
are in contact with the Al,O5 support layer. Accepting this
hypothesis suggests that the additional layers of iron oxide
nanoparticles influence the activity of the particles in contact
with the substrate, such as by increasing the local decomposi-
tion of the hydrocarbon source. However, these ‘extra’ parti-
cles do not directly grow CNTs.

2.5. CNT Diameter and Substrate Engineering

Another key attribute of the blade-casting process is that the
CNT diameter can be specified a priori by the diameter of
nanoparticles in the blade-casting solution. To further dem-
onstrate this point, additional experiments were performed
using iron oxide nanoparticle solutions (COOH-functional-
ized, Ocean NanoTech) with nominal diameters of 10, 20 and
30 nm particles, each having a reported size tolerance of
+2.5 nm. Because the effective particle diameter in solution
is influenced by the surface functionalization, we performed
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Figure 5. Wide-range control of CNT forest density by blade casting velocity and ferrofluid concentration. (a) Relationship between CNT forest
volumetric density and process conditions. (b) SEM images of CNT forest sidewalls grown corresponding to 3.20 mg mL™! ferrofluid solution at 10,
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and density apparent, but the correlation
of CNT diameter to catalyst particle dia-
meter is also very clear. We see that for
the three different particle solutions of
10, 20 and 30 nm particles (14.6 £ 6.2 nm,
26.3 + 85 nm, 37.2 + 11.5 nm respec-
tively from DLS data), the CNTs grown
from them have average diameters of
10.6 £1.0nm, 16.03 £3.5nm, 18.3 £2.6 nm,
respectively.

However, while there is a direct cor-
relation between particle size and CNT
diameter, the correlation is sub-linear. This
finding suggests that the CVD conditions
(e.g., feedstock mixture, pressure, tem-
perature) are most favorable for a certain
range particle diameters, and that tuning
of the CVD conditions would shift the size
range of active catalyst particles. Addi-
tionally, due to the increasing spacing and
decreasing number density with increasing
particle diameter in the fabricated arrays,
an inverse relationship between particle
diameter and forest height, as well as
particle diameter and forest density, was
observed. Although the particle densities
shown here are low due to the parameters
chosen, we are confident that optimiza-
tion of the blade casting parameters could
give highly dense arrays of particles of
any relevant size. To illustrate this, near-

.
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Figure 8. Engineering CNT diameter within forests by specification of the particle diameter
in the blade-casting solution. (a) AFM images of 3.20 mg mL™! ferrofluid solutions with
particle diameters of 10, 20 and 30 nm (left to right) blade casted at 25 um s7%, (b) SEM
images of CNT forest sidewalls grown from the three ferrofluid depositions in a), (c) Average
CNT diameters for the three CNT forests in (b), and (d) corresponding CNT forest height and

volumetric density.

DLS on each as-received solution (Supporting Information,
Figure S9).

Based on our findings in the previous sections, solu-
tions with 3.20 mg mL™! concentration were blade-casted
onto plasma-treated substrates at v, = 25 um s~.. As shown
in Figure 8a, under these same blade-casting conditions, we
obtained a multi-layer deposition of the 10 nm particles, a
near-monolayer of the 20 nm particles, and a sparse array of
the 30 nm particles. Because the blade casting parameters
were held constant, and the same solution concentration was
used with each fluid, blade casting of larger diameter particle
solutions resulted in fewer particles per unit area, as pre-
dicted by Equation 1.

CNT forests were obtained on all samples; however,
forests grown from successively larger particles were less
dense and less well-aligned (Figure 8b), due to the larger
spacing between the catalyst particles on the substrate. A
quantitative SEM analysis of the grown forests is shown in
Figure 8c,d, and not only is the trend in VACNT array height
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30 monolayer arrays of the 30 nm particles
were created by blade-casting the 30 nm
particle solution both at a slower speed,
and at a higher concentration (Supporting
Information, Figure S10).

Looking ahead, there is strong oppor-
tunity to use blade-casting in concert with
roll-to-roll processing of flexible sub-
strates. Hence, it is also attractive to grow
CNTs on metal foils that are flexible and less expensive than
silicon wafers. As an initial demonstration, using the same
ferrofluid as earlier in the paper, a 3.20 mg ml™! solution was
blade-casted onto a Cu foil (first coated with 10 nm Al,O5)
at 25 um s~'. Subsequent growth on the sample resulted in a
CNT forest that visibly covered the area of the Cu foil that
was coated with iron oxide nanoparticles (Figure 9). SEM
analysis of the sample showed good alignment of the CNTs
at the sidewall of the forest, but due to both the native topog-
raphy of the substrate and the blade casting conditions, the
forest exhibited a high density of micro-cracks. CNT forests
on metal foils are particularly desirable for supercapacitor
electrodes and thermal interfaces,[**>3l and optimization of
this process to a continuous-feed apparatus is ongoing and
will be reported in the future. Based on previous work we
anticipate that the adhesion can be modulated for spe-
cific applications by post-growth treatment, such as cooling
the substrate in a hydrocarbon or hydrogen atmosphere.>*
The CNT forests created in this study generally have weak
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Figure 9. CNT forest grown on Cu foil substrate coated with ferrofluid
catalyst array by blade-casting. (@) SEM images of the top and sidewall
(inset) of CNT forest grown on Cu foil from a 3.20 mg mL™? ferrofluid
solution blade casted at 25 um s™! (direction indicated by the arrow).
(b) Opticalimage of the sample from (a). The striped texture of the forest
is due to stick-slip of the meniscus, perpendicular to the direction of
blade motion.

adhesion to the substrate and can be easily removed using a
razor blade.

Last, we comment on the viability of the blade-casting
process to obtain truly dense monolayers of nanoparticles.
Although we showed that the arrangement of catalyst nano-
particles can be controlled from a sparse sub-monolayer to
stacked multi-layers, we did not obtain closely-packed (HCP)
monolayers in any experiments. To enable this in the future,
it will be most important to use more monodisperse nano-
particle solutions, as are typically used in assembly of ‘super-
lattice” monolayers for other applications.’>~71 Also, to make
the process repeatable, precise control over the ambient
conditions during blade-casting (e.g., temperature and rela-
tive humidity) will be required. The relative humidity of the
surrounding environment impacts not only the evaporation
rate of the solution during blade-casting, but also can cause
considerable effects on the activity and lifetime of CNT
growth catalysts.>5-01]

The ability to vary the packing fraction, while maintaining
a constant average diameter, enables the user to overcome

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the limits established by dewetting of a thin film, which cou-
ples the film thickness, particle diameter, and packing fraction.
For this analysis, we denote the packing fraction of particles
on the substrate as

f=N4, 2)

where Np is the number of particles per unit substrate area
and A is the projected area of a single particle on the sub-
strate. Conservation of the volume of material deposited as a
thin film establishes an inverse relationship between particle
diameter and packing fraction after dewetting,[®?l as shown
in Figure 10. This family of curves assumes the particles are
hemispherical in shape.

For a 1 nm film thickness (which is typical for CNT film
growth), with 15 nm diameter particles, the packing fraction
is near 20%, and in order to obtain a larger packing frac-
tion, the catalyst particles would have to be smaller. How-
ever, due to the constraint established by minimization of
Gibbs free energy, the dewetting of a thin film is limited to a
maximum packing fraction of 50%, and thus cannot reach a
closely-packed organization. Moreover, because of the com-
plex thermomechanical processes that govern dewetting and
stabilization of nanoparticles, it is difficult to independently
control the particle diameter and packing fraction, even if
the initial film thickness can be very accurately specified.
The polydispersity of particle size that is introduced by real
attributes of thin film dewetting (e.g., growth of holes, sur-
face roughness), and the propensity for nearby particles to
coarsen, further limits the packing fraction to a value below
the ideal maximum. Compounded with the typically low yield
of CNTs from catalyst particles, this often leads to CNT for-
ests with low packing density and therefore limited properties.
In contrast, while the ultimate closely-packed CNT array was

2hSdta =
1.0 4 d
.......................... HCP S
0.8 4 —t=0.5nm
—t=1nm
c —t=2nm
o
5 0.6 ——t=5nm
S O VO O W DEWETTING ™\ ...
> LIMIT
S 0.4-
Q
©
o
0.2
0.0 . T T T T T T T T 1
0 10 20 30 40 50

Particle Diameter (nm)

Figure 10. Comparison of nanoparticle array characteristics that can
be achieved by thin film dewetting compared to convective assembly.
Relationships between particle packing fraction and diameter, for ideal
dewetting of films of different thickness are represented by the various
curves, while the data points represent several packing fractions
achieved from the convective assembly of a 3.20 mg mL™! ferrofluid
(each of which resulted in a CNT forest).
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not achieved in this work, the monolayer arrays made by
blade-casting have packing fractions ranging from less than
10% to approximately 87% with the same average particle
diameter of 28.6 nm.

However, because it is challenging to achieve mono-
disperse nanoparticles with <5 nm diameter, thin films may
remain advantageous in depositing ultrathin catalyst layers
(i.e., <1 nm films), which can generate particles small enough
to support SWCNT growth, but at limited densities. For
thicker films, especially those generating >10 nm particles, the
versatility of our approach is clear because it is not possible
with any single film thickness to achieve such high packing
fractions of catalyst particles and CNTs. Thus, even without
meeting the optimal limit of the particle packing, this method
for catalyst deposition allows the catalyst particles and thus
the VACNT arrays to be tailored to a much higher degree
than with standard thin film deposition, while maintaining
compatibility with a continuous-feed process.

3. Conclusion

We introduced the use of a continuous-feed evaporative self-
assembly process (blade-casting) to manufacture arrays of
iron oxide nanoparticles, and its application to synthesis of
CNT films with controlled organization, diameter, and den-
sity. Importantly, this versatile method enables a priori speci-
fication of the particle diameter, and independent control of
the packing fraction of the arrays by the solution concentra-
tion and substrate velocity. As a result, uniform nanoparticle
arrays can be made over large areas, ranging from non-
closely packed monolayers to multilayers. Tuning of these
two parameters allows unprecedented control of the dia-
meter and density of CNTs with verticaly aligned forests. At
high particle concentration, we achieved CNT forest densities
3-fold higher that a typical thin-film catalyst, and there exists
much opportunity to improve upon these values by increasing
the catalyst activation percentage and monodispersity of the
catalyst particles. Finally, the roll-to-roll compatibility of this
method, along with initial results achieved on flexible Cu
foils, suggest promise for scale-up of CNT forest production
at commercially relevant throughput.

4. Experimental Section

Substrate Preparation: First, 10 nm of Al,05 was deposited by
e-beam evaporation on (100) silicon wafers coated with 300 nm
of thermally grown SiO,. The wafers were then manually scribed
and fractured into 15 mm x 25 mm samples. Optionally, the wafer
pieces were plasma treated (Harrick Plasma PDC-32G) in air at
200 mTorr, at 6.8 W, for 5 minutes. The samples were then imme-
diately removed from the plasma chamber and loaded onto the
blade-casting machine for particle deposition.

Blade-Casting: The custom-built blade-casting apparatus con-
trols the substrate motion using a Thorlabs PT1/M-Z8 single axis
translation stage with a Z825B DC servo and TDC001 T-Cube DC
motor controller. The blade, a 0.13 mm thick glass cover slide, is
mounted rigidly to a vertical support and oriented 20° from the
vertical axis. The blade edge is first brought into contact with the
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substrate using a vertical micrometer stage (Thorlabs PT1/M), and
6 uL of the ferrofluid solution (Ferrotec MSGW11 and Oceantech
SHP-10, SHP-20 and SHP-30) is placed at the interface between
the blade and the substrate, using a handheld micropipette. The
solution spreads along the interface, forming a static meniscus
between the two surfaces over the 15 mm width of the substrate.
After the meniscus is formed, the substrate motion is activated at
a constant velocity. During this time, the dynamic contact angle
and meniscus shape were observed to determine if the meniscus
was pinning sufficiently to the substrate to enable particle depo-
sition. Once the blade reaches the end of the substrate, the
remaining ferrofluid is removed from the substrate using the edge
of a clean Kimwipe, which gently wicks the fluid away from the
deposited area. Finally, the sample is placed on a hotplate at 75 °C
for 30 min to ensure the complete evaporation of water. All blade
casting experiments were conducted with local ambient tempera-
ture and relative humidity values at 22.0 £ 0.3 °Cand 31.3 £ 4.9%
respectively.

CNT Growth: CNT growth was performed in a Lindberg Blue
M horizontal tube furnace (22 mm ID, 300 mm heated length) at
atmospheric pressure, with flows of 100/100/400 sccm C,H,/
H,/He, at 775 °C for 20 min, preceded by an annealing step at
775 °C for 10 min with flows of 400/100 sccm H,/He. The CNTs
were rapidly cooled in the growth atmosphere before purging the
CVD chamber with He when the thermocouple reading drops below
200 °C. An identical recipe was used for all experiments reported
in this paper, and this recipe yielded the different morphologies
discussed in the text.

Characterization: AFM imaging was performed in tapping
mode in a Veeco Dimension Icon. Mass measurements of the sub-
strates were collected after nanoparticle deposition and after CNT
growth, using an Ohaus Discovery microbalance, and the differ-
ential represented the mass of CNTs grown on the substrate. The
areal coverage of each VACNT array was calculated using contrast
pixel counting in Adobe Photoshop CS6, using images taken by a
Nikon D40 camera. SEM imaging was performed using a FEI Nova
Nanolab, and CNT diameters and forest heights were measured
directly from SEM images at different magnifications. The combi-
nation of the mass, area and height measurements was used to
calculate the areal and volumetric densities of the VACNT arrays.
TEM images of the ‘flake’ structures were collected using a JEOL
3011 HREM.

For X-ray scattering measurements, the CNT sample was placed
on a motorized stage in the beam path of the G1 beamline at Cornell
High Energy Synchrotron Source (CHESS). A beam energy of 10 +
0.1 keV (wavelength = 0.13 nm) is selected with synthetic multi-
layer optics (W/B4C, 27.1 A d-spacing), and the beam was focused
down to =20 pum using mechanical slits upstream. The beam size
is accurately measured by scanning the beam over a pinhole slit
mounted on a motorized stage while measuring the beam intensity.
A standard sample of silver behenate powder (dyy; = 58.380 A) is
used to calibrate the pixel-to-q ratio. Linescans from the 2D SAXS
patterns are fitted using a mathematical model for lognormally dis-
tributed hollow cylinders. These scans are obtained by integration
of intensities within +10° from the reference direction (x-axis) of the
inverse space parameter q (chosen to be the direction of maximum
intensity). The fitting code used an iterative approach in searching
for the best fit within a user defined fitting range. By including
the low q part of the data, a good fit was achieved that selects a
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probability density function (PDF) for diameter distribution as well
as for the ratio ¢ = ID/OD, where ID is the inner diameter of the
multi-wall CNT and OD is the outer diameter.[12:46]

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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