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ngineering of materials comprising
highly ordered nanostructures requires
an understanding of the collective be-
havior of individual nanostructures in a
large population. While many destructive
and nondestructive techniques can be em-
ployed for measuring the geometry and
dimensions of individual nanostructures,
there are fewer methods capable of inter-
rogating large populations thereof. The im-
portance of acquiring and understanding
statistical information arises from the fact
that a macroscopic assembly of nanostruc-
tures typically consists of an extremely large
number of individual nanoscale elements.
For instance, a 1 cm? substrate area of an
array of vertically aligned carbon nanotubes
(CNTs), a so-called “forest”, typically con-
tains more CNTs than there are humans on
earth. In this and many other examples,
there is a profound gap between measure-
ments of individual nanostructures and
measurements of the bulk properties of
materials. This gap spans the challenge of
obtaining representative statistics on the
size and/or the distribution of nanostruc-
tures throughout a physical space, which
limits essential insights into the causes of
variation in the final material properties.
Advances in population-based analysis of
nanostructures will also be necessary for use
of statistical methods to analyze and control
the quality of nanostructured materials and
their production, much like is commonplace
in traditional manufacturing operations.
CNT forests are a model system for in-
vestigating the population dynamics of
nanostructure synthesis and are an attrac-
tive material design that potentially enables
the utilization of the propetrties of billions of
CNTs in parallel. Importantly, it has recently
come to light that typical CNT forests have a
complicated and spatially non-uniform
morphology, including gradients (e.g., from
top to bottom) of alignment, diameter, and
packing density.'™® These variations de-
pend on the multivariate conditions used

BEDEWY ET AL.

ABSTRACT
10° 24
= Number density
X Areal density
..'?n— i . ng&_
8@ s 165 §
Ex .- 122 B
£ (¥ A iz
£ 2aq-b i 822
=2 1: X 38
o 40
s -
(=10 pm) o - 0
o

100 200 300 400 500
Growth time [sec.]

Understanding the population growth behavior of filamentary nanostructures, such as carbon
nanotubes (CNTs), is hampered by the lack of characterization techniques capable of probing
statistical variations with high spatial resolution. We present a comprehensive methodology
for studying the population growth dynamics of vertically aligned CNT forests, utilizing high-
resolution spatial mapping of synchrotron X-ray scattering and attenuation, along with real-
time height kinetics. We map the CNT alignment and dimensions within CNT forests, revealing
broadening and focusing of size distributions during different stages of the process. Then, we
calculate the number density and mass density of the CNT population versus time, which are
true measures of the reaction kinetics. We find that the mass-based kinetics of a CNT
population is accurately represented by the S-shaped Gompertz model of population growth,
although the forest height and CNT length kinetics are essentially linear. Competition between
catalyst activation and deactivation govern the rapid initial acceleration and slow decay of the
CNT number density. The maximum CNT density (i.e., the overall catalyst activity) is limited by
gas-phase reactions and catalyst-surface interactions, which collectively exhibit autocatalytic
behavior. Thus, we propose a comprehensive picture of CNT population growth which
combines both chemical and mechanical cooperation. Our findings are relevant to both bulk
and substrate-based CNT synthesis methods and provide general insights into the self-
assembly and collective growth of filamentary nanostructures.

KEYWORDS: carbon nanotubes - kinetics - filaments - X-ray - characterization -
population - chemical vapor deposition - catalyst

for CVD growth. Nevertheless, many inves-
tigations of CNT forest properties have as-
sumed a perfectly uniform morphology
reflecting point-wise or average charac-
teristics of the CNTs (diameter, density).
In many cases, such ideal morphology is
needed to optimize functional proper-
ties; hence, a more detailed understand-
ing of the morphology is needed to
accurately model mechanical, thermal,
electrical, and other properties that de-
pend on hierarchical network effects.”®
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Highly uniform ensembles of monodisperse CNTs are
needed for electrical interconnects,'®'? filters,* gas
sensors,’* ' and structural composites.'” Also, con-
sistent morphology is required for post-synthesis pro-
cessing such as the spinning of CNTs from forests into
yarns and sheets,'®'® which was shown to depend on
the CNT areal density and bundle organization within a
forest.?°

An accurate picture of the internal structure of CNT
forests is also essential for understanding how to
control the growth process to approach the ideal
structure. In fact, the kinetic picture of how a popula-
tion of CNTs evolves with time during synthesis is still
largely incomplete. The CNTs within a forest nucleate
from a population of catalyst nanoparticles having a
distribution of sizes and shapes, whose morphology
was shown to evolve during growth,*?" resulting in a
distribution of CNT sizes, and likely a polydispersity of
growth rates. On the basis of our recent observation
that the number and mass density of CNTs change
during growth and considerably decay (by almost an
order of magnitude) toward termination,' the appar-
ent forest height kinetics measured in situ**> % or
ex situ** " must be complemented by a measure of
the mass kinetics. The discrepancy between forest
height kinetics and mass kinetics further explains the
abruptness of forest growth self-termination,’ which
we?> and others?’*273¢ have observed.

Several in situ and ex situ methods for nondestruc-
tively measuring CNT forest height have been devel-
oped, such as optical photography and videography,**”
optical interference,?? single-slit laser diffractography,®”
time-resolved reflectivity,”®> and cycling of growth
conditions to form marks that are visible in electron
microscopy.®®*'*® Methods of accurate and nondes-
tructive mass measurements are fewer and generally
use a microbalance either in situ® or ex situ,"*° which is
limited by the resolution of the balance and cannot be
used for spatial mapping. Alternatively, the changes in
contrast from ex situ Z-contrast transmission electron
microscopy (Z-STEM) images, as well as changes in the
estimated effective extinction coefficient from time-
resolved optical reflectivity (TRR), were used to infer
information about CNT forest density.*' Although
these methods can be used for spatial profiling, they
can only provide relative measures of density and
cannot give absolute density values.

In addition, in situ Raman spectroscopy has been
used to infer CNT growth kinetics from real-time
monitoring of the area under the G-band.** ** Be-
cause the CNT—laser coupling strength depends on
the structure, diameter, and number of walls of a CNT,
it is unlikely that the G-band intensity is directly pro-
portional to the total mass of a polydisperse CNT
population.*® For both single-wall (SWNT) and multi-
wall (MWNTs) CNTs, the line shape of the G-band is a
superposition of multiple peaks which depend on the
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CNT chirality, conductivity, and charge transfer with
the surroundings.*®*” Further, for a typical millimeter-
sized CNT forest, Raman spectroscopy cannot be re-
liably used to get population measurements because
the laser beam cannot fully penetrate the forest. The
presence of non-CNT graphitic deposits can also con-
tribute to the G-band intensity. Hence, Raman studies
require either a single CNT or a relatively limited
number thereof to give relative mass measurements
and require small diameter SWNTs to give structural
information about size and chirality.

We previously showed how small-angle X-ray scat-
tering (SAXS)*®*° and ultra-small-angle X-ray scatter-
ing (USAXS)>® can provide precise measurements of
the diameter, bundle size, and alignment of CNTs
within a forest. Here we present a comprehensive non-
destructive characterization methodology for CNT ma-
terials, which enables identification of the population
kinetics of the CNT growth process. This method
combines high-resolution spatially resolved X-ray scat-
tering and intensity attenuation measurements after
growth, with real-time measurements of CNT forest
height during growth. The spatial and temporal evolu-
tion of the mass density, number density, and cumula-
tive CNT areal density are analyzed with unprecedented
accuracy from the initial CNT self-organization stage
until growth termination. On the basis of these find-
ings, we can explain growth of a CNT forest as a time-
varying population. This population behavior results
from a statistical ensemble of individual particles and
CNTs having polydisperse reaction behavior, contrast-
ing previous studies that explained CNT forest growth
kinetics based on models for a single particles and/or
CNTs. 23325152 popylation growth models indicate that
CNT synthesis exhibits an autocatalytic and coopera-
tive nature, and that the maximum density of CNTs is
limited by the process conditions. Finally, surface analysis
of the catalyst gives insights into how competition be-
tween catalytic activation and deactivation rates prevent
indefinite growth of CNTs using current CVD methods.

RESULTS AND DISCUSSION

Our methodology for CNT population analysis begins
with high-resolution spatial mapping of the forest using
synchrotron X-ray scattering. We place an already-grown
CNT forest (Figure S1 in Supporting Information) on a
motorized stage in the beampath of a synchrotron X-ray
beam that is focused using monocapillary optics, as shown
in Figure 1A. By scanning the forest from top to bottom at
increments of 10 um, which is approximately equal to the
beam size, we discretize the forest into a stack of differ-
ential volumes that we refer to as “slices”. Two different
types of data are acquired for each slice: (1) X-ray scattering
patterns, collected using a 2D area detector; and (2) X-ray
intensity, collected using detectors placed upstream
and downstream of the CNT forest. We also measure
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Figure 1. Method of X-ray mapping and analysis of CNT populations: (A) schematic of experimental setup for simultaneous
spatially resolved synchrotron X-ray mass attenuation and scattering measurements; (B) quantitative analysis procedure
incorporating real-time CNT height measurements with X-ray data to give mass and number density kinetics. The figure labels
above each box indicate where the respective results are shown.

the CNT forest height versus time in situ during growth
(see Methods section). Both the in situ and ex situ data
are inputs to the quantitative analysis procedure shown
in Figure 1B.

First, we use the measurements of X-ray intensity
to calculate the local mass density of the CNT forest
within the beampath, according to the Beer—Lambert—
Bouguer law.>>>* This relates the density of a material to
the X-ray intensity attenuation due to both scattering
and absorption, such that

(1

Here p, (z)) is the local mass density obtained from each
forest slice (index i), defined as the mass of CNTs in each
slice (dm;) per unit volume (dv =t x w X dz); z is the
distance from the top of the forest to the forest slice; t is
the CNT forest depth in the direction of the X-ray beam;
lpis the X-ray intensity upstream of the CNT forest; /is the
X-ray intensity downstream of the CNT forest; and u/p is
the total mass attenuation coefficient. The index is
counted starting at the top of the forest, that is, for a 2
mm forest, i = 200 at the base.
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The Beer—Lambert—Bouguer law is applicable for a
homogeneous medium. This assumption is valid for
the CNT forest because the waviness of the CNTsison a
much smaller length scale than the beam, and the
variations in morphology (discussed later) occur over a
much larger length scale. Throughout our analysis, we
also assume that the forest is homogeneous in the X—Y
plane, that is, along the direction of the X-ray beam,
which we have validated in previous work.*®

For X-rays with energies below 20 keV, absorption is
the primary contribution to X-ray attenuation, com-
pared to both elastic and inelastic scattering. Hence,
using the absorption mass attenuation coefficient in-
stead of the total mass attenuation coefficient would
have only resulted in a small error in the density
calculation. Further, because there is only a small
amount of absorption compared to the overall X-ray
intensity (i.e., [o ~ I)), noise in the measurements leads
to an apparent fluctuation in the calculated vertical
profile of density. We estimate that the signal-to-noise
ratio (SNR) of density measurements is equal to ~2. The
SNR is calculated as the ratio between the mean and
the standard deviation (Figure S2D). Nevertheless,
due to the high spatial resolution of our mapping
technique, this noise is inconsequential when the local
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density measurements are integrated as discussed
later.

Using the mass density pn(z;) of each slice with
known thickness (Az = 10 um) and relating the slice
mass (m;) to the unit cross forest sectional area (a=1t x
w), we calculate the areal mass density of each slice

ma(z)) = py(z)Az (2

Next the cumulative areal density (m,, total CNT mass
per unit area) versus position in the forest is calculated
by summing the areal density of all slices

Mac(zi) = me(li)AZ (3)
0

The areal mass density per slice represents how much
CNT mass was created for that specific 10 um of the
forest, and the cumulative areal density represents the
mass of the CNT forest above (and including) the
indexed slice.

We performed X-ray mapping of tall CNT forests (up
to 2 mm) grown in both cold-wall (heated substrate,
Absolute Nano SabreTube) and hot-wall (heated tube,
Thermo-Fisher MiniMite) systems (Figure S1). Each
forest was discretized into up to 200 slices with 10 um
thickness by scanning the X-ray beam vertically, as
shown in Figure 2A,B. The mass density varies through-
out the forest (Figure 2C,D): it increases in a closely
linear trend from the top surface (“crust”) of the forest
until it reaches a maximum and brief plateau, then it
decays gradually toward the bottom of the forest. The
formation of a tangled crust at the start of growth is
well-known; however, this density map reveals, for the
first time, a subsequent “crowding” stage where the
CNT density increases substantially as new CNTs begin
to grow even long after the forest self-organizes and
starts to thrust upward. The distance of this density
increase (=300 um) is significantly larger than the non-
uniformity of the top surface of the forest (Figure 2A,B),
which we estimate to be less than 100 um (Figure S3),
and larger than any errors expected from sample tilt or
beam divergence, which we estimate to be less than
50 um (Figure S2B). Also, the employed alignment pro-
cedure (Figure S4), utilizing X-ray intensity scans ensures
that the sample tilt (about y-axis) is within ~0.01° of
the substrate plane. Hence, the slope of the density
increase predominately represents the kinetics of the
crowding stage, that is, the rate at which new CNTs begin
growing from catalyst particles that were inactive during
the self-organization stage. Even considering the non-
uniformity of the top surface and the beam divergence,
the measured CNT density increase during crowding
would be at least 5-fold.

We also observe that the kinetics of crowding de-
pends on the process conditions, suggesting that the
rate of crowding and the maximum density represent
the efficiency of CNT nucleation from the population of
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Figure 2. (A,B) SEM images of uniform forest structure for a
sample grown in the cold-wall reactor. Red line indicates the
path of the X-ray beam scanned vertically through the
middle of the forest. Inset in A: Photograph of the same
forest. Spatial evolution of mass density and areal density
for CNT forests grown in (C) cold-wall reactor with resistively
heated substrate; (D) hot-wall reactor with externally
heated quartz tube.

catalyst particles on the substrate. For instance, as can
be seen by comparing Figure 2C,D, the slope of CNT
density increase for the sample grown in a hot-wall
reactor is approximately twice that of the sample
grown in a cold-wall reactor. We attribute this to the
different process parameters used in the two systems,
which are documented in Figure S1 (Supporting
Information). Both samples were annealed at 775 °C
in H,/He; however, the rate of heating and duration of
annealing in the cold-wall system was much shorter
than that in the hot-wall system. A long annealing
duration may be necessary for catalyst nanoparticles to
be fully reduced from a higher oxide state (Fe*™ or
Fe*") to a lower one (Fe'™ or Fe in order to become
active.>>*® This could also explain why the hot-wall
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sample has a higher maximum density, indicating that
a larger fraction of the catalyst nanoparticles becomes
active for CNT growth.

After the maximum density is reached, the density
remains approximately constant at this value for a
small (=300 um or less) portion of the forest (<20%
of the forest height). Hence, only a small portion of the
forest is truly uniform, and this observation may high-
light the general difficulty of producing highly uniform
and tall CNT ensembles even though many CVD meth-
ods of growing millimeter-scale CNT forests have as-
sumed overall uniformity. Then, after the brief steady
growth stage, the density decays due to accumulated
deactivation of individual catalyst particles and pro-
ceeds until eventual self-termination. The shape and/
or the slope of the decay also depends on the growth
conditions, representing variability in the catalyst deac-
tivation kinetics. Nevertheless, a universal observation in
all samples we have tested is that both the initial density
at the top of the forest (including the crust) and the final
density are approximately 1 order of magnitude below
the maximum density. Thus the same critical CNT
density forms the self-supporting structure that enables
“lift-off” of the CNT forest and causes collective self-
termination at the end of the growth process.

The spatial evolution of the cumulative areal mass
density (mg/cm?) is also shown in Figure 2. The last
point on this curve corresponds to the bottom of the
forest and therefore represents the total areal density
of the sample. For the cold-wall forest, we compare this
value to a direct measurement of the CNT forest mass
which was measured using a microbalance. We there-
fore confirm that the calculated density value based on
X-ray mass attenuation is very close to the true density.
Using thermogravimetric analysis (TGA), shown in
Figure S5, we find that the contribution of amorphous
carbon and any other low evaporation temperature
carbonaceous contaminants is limited to about 10% of
the total mass of this sample (recipe in Figure S1).
Hence, the mass measurements are dominated by
CNTs rather than carbonaceous impurities.

The cumulative areal density follows an S-shaped
curve with increasing distance from the top crust. This
shape is explained by the spatial evolution of local
mass density along the forest height. The initial accel-
eration (concave up region) in the cumulative areal
density results from the newly identified crowding
stage, and the deceleration (concave down region)
results from the density decay stage. The intermediate
steady growth stage results in an approximately linear
relationship between total mass and vertical position.

Now, we proceed to analyze the population dy-
namics within the forest based on spatial mapping of
the CNT diameter and alignment. This information is
necessary to build a comprehensive picture of the
forest internal structure and is needed to calculate
the evolution of CNT number density. Then, these
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results are combined with real-time height kinetics to
calculate the time evolution of forest mass and density.
Because real-time height kinetics can only be mea-
sured during growth in the cold-wall system, the
remainder of analysis in this paper uses results from
the cold-wall growth process.

Although transmission electron microscopy (TEM)
has been customarily used for measuring CNT dia-
meters and number of walls,>® it is painstaking to
obtain reliable descriptive statistics from measure-
ments of a limited number of CNTs, compared to the
inherent ability of SAXS to probe at least 10° CNTs in
the beampath. It is also perhaps impossible to do
accurate spatial profiling of size distributions using
TEM at the high spatial resolution (10 um) enabled by
the capillary optics used with our SAXS setup. Analysis
of the radial breathing modes (RBM) using two-wave-
length in situ Raman spectroscopy has been used to
obtain the diameter distribution of single-walled CNTs
(SWNTSs);>” however, this is only suitable for SWNTSs, or
double-wall CNTs (DWNTs), within an incomplete dia-
meter range, and it requires that the CNTs be resonant
with the incident laser energy. On the other hand, X-ray
scattering methods inherently enable characterization
of any CNT based on its dimensions.

Hence, we use the X-ray scattering 2D image col-
lected on the area detector (Figure 1A) to map the CNT
size distribution by fitting the peak (or shoulder) ob-
served in a linescan with a mathematical form factor
model for hollow cylinders*®*84° having a log-normal
distribution of diameters (Figure S6). Figure 3A shows
the SAXS I—q profiles along with model fits for forest
slices selected every 0.1 mm throughout the forest
height. This model-fitting procedure is repeated for
each of the 156 slices (images) for the studied forest,
resulting in a spatial map with unprecedented resolu-
tion compared to previous studies of CNT forest
morphology.'>6284938 Because of the large number
of images, we developed an automated algorithm for
choosing the fitting range based on the key features of
the linescan, as described in Figure S7. The blue marks
in Figure 3A indicate the lower and upper limits for the
fitting range and the peak (shoulder) position deter-
mined using this algorithm. A trend of decreasing CNT
outer diameter (CNT OD) can be inferred from the
position of the peak (or a shoulder in cases in which
there is no well-defined peak) relative to the inverse
space parameter g because the peak (or shoulder)
position correlates inversely with CNT diameter. The
peak moves from g~ 0.75t0 0.9 nm ™' (~20% increase)
from top to bottom of the forest.

As seen in Figure 3, the mathematical model pro-
vides excellent fits to the scattering data, throughout
the forest. The probability density functions (PDFs) of
CNT OD distribution for each forest slice are laid
together in Figure 3B, along with the normalized
histogram of CNT OD measurements collected using
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Figure 3. Spatial mapping of CNT dimensions and polydispersity throughout a CNT forest: (A) selected linescans from SAXS
images, compared to fits using scattering model (there are nine images between each of the locations shown here);
(B) comparison of the CNT OD distributions (fitted PDFs) to a normalized histogram of measurements from TEM images
(example as inset); (C) mode, arithmetic mean, and coefficient of variation of CNT OD, calculated for each beam position
(“slice”) in the forest; (D) diameter ratio (c) and average number of walls for each slice.

TEM.There is a good agreement between the diameter
values as well as the PDF obtained from SAXS fitting
with TEM measurements, validating the accuracy of the
SAXS measurement technique.’®*® The inset to
Figure 3B shows a TEM micrograph of a representative
CNT with six walls. The smoothness of the spatial
trends of CNT dimensions and their variance highlights
the precision of our technique because the mathema-
tical model fit produces a highly confident and accurate
result for each slice. Also, the resolution of size mea-
surement is effectively atomic because a scattering
model is based on the coherent elastic interactions
between X-rays and carbon atoms forming the CNTs.
Due to the large number of scatterers (atoms of more
than 10° CNTs) in the beampath through the CNT forest,
high confidence descriptive statistics are obtained.

As shown in Figure 3C, the mode of CNT OD shifts from
9.7 to 8.1 nm as growth proceeds (from top to bottom of
the forest), which is a 16.5% decrease, and the arithmetic
mean shifts from 12.9 to 10.8 nm, which is a 16.3%
decrease. The difference between the mode and arith-
metic mean highlights the skewness of the log-normal
distribution of the CNT population throughout the forest.

BEDEWY ET AL.

In spite of the overall decay in CNT diameter during
growth, we find that both the CNT OD and its coeffi-
cient of variation (CV) are constant during the crowd-
ing stage when the CNT number density increases to
the maximum. This shows that the density increase
represents an increasing population of active (i.e.,, CNT-
bearing) catalyst particles with an invariant diameter
distribution. In other words, there is no preferential
nucleation of smaller or larger diameter CNTs within
the population under the tested growth conditions
(Figure S1). After the crowding stage, the CNT OD
decreases until growth stops, and the CV decreases
until the onset of the termination stage at which time
the CV increases rapidly until growth stops. During the
termination stage, the corresponding lowest part
(base) of the forest exhibits significant broadening of
the diameter distribution. This broadening, along with
a continued decrease of the mode and mean OD, may
suggest that growth of larger diameter CNTs is halted
more abruptly during collective termination. Although
the forest height abruptly stops increasing when the
CNT density drops below the critical threshold, smaller
diameter CNTs may continue to grow and attempt to
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push up into the forest.>® This can also explain the shifts
in the OD and CV values in the termination region.

Another parameter of the CNT scattering model is the
diameteral ratio (c = ID/OD), which is the ratio between the
average inner diameter (ID) and outer diameter (OD). This
enables calculation of the average number of CNT walls
(Nwans), Shown in Figure 3D. The number of walls is
unchanged during crowding, then decreases from ~7 to
5 walls during density decay and remains fairly constant
through the termination stage as a result of the decay in
both the CNT OD and the diametral ratio (c). These changes
can perhaps be linked to the morphological evolution of
the catalyst nanoparticles, which is discussed later.**°

Now, the CNT number density profile (ie., the total
number of CNTs at each vertical position) can be calcu-
lated by combining the profiles of areal mass density and
the measured CNT dimensions. However, owing to the
skewness of the log-normal distributions, a single value
OD (mean or mode) cannot be used in this calculation;
that is, the average CNT mass of a skewed population is
not equal to the mass of CNTs having the average
diameter. Hence, the entire PDF must be used to assign
the proportion of the population that belongs to a specific
narrow bin of diameters, and we must also correct for the
CNT tortuosity by calculating the corrected CNT length
from alignment and height data for each slice.

Accordingly, the CNT OD range of 5—40 nm is
divided up into small diameter bins of width ADy;, =
0.5 nm. Now, the ratio between the number of CNTs
within each bin N(D,) centered at the outer diameter
D, and the total number of CNTs (N;) within each forest
slice is calculated from the PDF of each slice i

Do + ADpin /2
(N(D")) = / PDF;dD (4)
D,

Ni o — ADpin /2

To accurately calculate the total volume of the
tortuous CNTs within each slice and therefore calculate
the mass, we must know the actual CNT length rather
than just the height of the slice. So, we calculate a
height-to-length transformation factor based on the
CNT alignment within each slice. To quantify the CNT
alignment, we use the orientation parameter (f) calcu-
lated from azimuthal scans at the g location of max-
imum intensity'->484961

f(z) = %(3(cos2 o —1) (5)

where

/2
/ (li(¢)sin ¢ cos? ¢)d¢
0

(cos? o) = (6)

/2
/ ((@)sin ¢)dg
JO

Here, ¢ is the angle between the CNT direction and the z-
axis direction, and /; (¢) is the azimuthal intensity distribu-
tion of scattered X-rays from the SAXS image of slice i.

BEDEWY ET AL.

A transformation factor (A) is then calculated to
convert the apparent forest height (slice thickness
A~Z) to the average CNT length (A/) within that slice®

Aliz)) = Az)Az (7)

where

3 1/2
Alz) = (2f(z,-)+1> ®

Now, we can calculate the total number of CNTs
within each slice (N) by dividing the previously calcu-
lated (eq 2) mass of each slice (m,) by the weighted
average mass of a CNT (mcyy) of the population based
on the obtained PDF of CNT OD distribution and using
the corrected average CNT length (Al) in each slice.
This follows as

Nz) = 2@ ©
ment(2;)
where
D, =40nm N DO
ment(z) = pgAlz) Y (( (N )>%D02(1 C(Zi)2)>
D, =5nm !

(10)

The bulk density is taken as the value for graphite, py =
2.2 g/cm’.

The orientation parameter f(z;) and the height-to-
length transformation factor are shown in Figure 4A.
The tangled top “crust” layer is typically no more than a
few micrometers thick; however, the first points of the
X-ray map are affected by non-uniformity in the top
surface of the forest. As a result, there is an apparent
slight decrease of the orientation parameter at the top
of the scan, until the beam has passed through the
non-uniform region. After this, the orientation para-
meter increases to a maximum at the end of the steady
growth stage, then decreases gradually through the
density decay stage, and then decreases rapidly during
the termination stage. The transformation factor varies
inversely (eq 8) with the orientation parameter and
therefore is greatest at the top and bottom of the
forest.

We can now derive the profile of CNT number
density versus position, which is shown in Figure 4B.
The number density increases during crowding, reach-
ing a maximum of ~9 x 10° CNTs/cm?, and then
decays. The maximum is about an order of magnitude
higher than the initial density and then decreases by
about an order of magnitude before termination.
Compared to the mass density profile (Figure 2C), the
number density profile is curvier and less steep due
to the diameter change and the tortuosity correction
of CNT length. In spite of the noise in the X-ray den-
sity measurements, we suggest that the beginning
and ending CNT number density values represent
the critical value for the self-supporting structure. The
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Figure 4. Determination of the CNT population kinetics:
(A) spatial map of the orientation parameter and the height-
to-length transformation factor; (B) spatial map of CNT
number density, calculated using the CNT diameter distri-
bution and the tortuosity-corrected average CNT length for
each slice. Inset to (B) describes calculation of the total
number of CNTs from the PDF of CNT OD for each slice.

horizontal red line marks the estimated threshold value
(~10° CNTs/cm?) based on a finite element model of
postbuckling behavior of CNTs in contact.!

Combining these spatial mapping results with the real-
time forest height measurements (dz/dt) obtained in situ
during growth, we determine the time evolution of CNT
length, number density, and, more importantly, cumula-
tive areal density (mass per unit area). The lengthening
kinetics /(t), the cumulative areal density kinetics m,(t;),
and the total number density kinetics N(t;) are calculated

=t /dz
I(t;) = [:0 A(E)dt (11)
=t dm, (dz
Mac(t;) = ,/t:() ¥<a>dt (12)
dN(t,') o dN(Z,) dz
dat ( dz )(&) (3)

In Figure 5, the CNT lengthening kinetics is compared
to the height kinetics, showing that the measurements
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Figure 5. Kinetics of apparent forest height and corrected
CNT length. Inset is a schematic of the height-to-length
transformation.

of apparent forest height significantly underestimate
the actual CNT length. Owing to the initial increase
followed by a decrease in the orientation parameter
across the forest, the slightly sublinear curvature of the
apparent height kinetics becomes more linear when
transformed into true CNT length.> Nevertheless, the
evolution of forest mass is a more accurate measure of
reaction kinetics, as it directly represents the rate at
which carbon is incorporated in the growing CNT
population. Incidentally, we observe that, for the same
growth conditions, the areal mass density of CNT forests
(i.e., the total mg/cm?) is more repeatable than the forest
height or the volume density (mg/cm®). In other words,
for the same growth time, many grown forests may have
a considerable variation in height, but the mass output
of each experiment is more consistent (Figure S9).

Therefore, the culmination of our comprehensive
analysis is a measure of the time evolution of the total
cumulative areal density and the total CNT number
density, shown in Figure 6. Due to the nearly linear
height kinetics, both curves closely resemble the spa-
tial profiles shown in Figures 2 and 4, and the total CNT
forest mass versus time is an S-shaped curve. In addi-
tion, by processing atomic force microscopy (AFM)
images, we calculate the mean number density of
nanoparticles (Figure S10) on samples annealed ac-
cording to the recipe in Figure S1 to be ~8 x 10'°
particles/cm? (about 2 orders of magnitude higher
than the CNT lift-off threshold ~210° CNTs/cm?, identi-
fied in Figures 4 and 5). As shown in Figure 6, this
results in a calculated catalyst activity that increases
from ~1 to ~11% at the maximum CNT density during
the steady growth stage.

The significant spatial variations in CNT morphology
during growth confirm that the apparent forest height
depends on the interplay between CNT number den-
sity, diameter, stiffness, tortuosity, and possibly the
hierarchal bundling structure. However, many previous
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Figure 6. Time evolution of the CNT number density, catalyst activity, and cumulative areal density, which is fitted with the

Gompertz population growth model.

studies that have represented CNT growth kinetics by
forest height, and less commonly by forest mass, have
found an S-shaped growth curve. Some have identified
its key features including an initial acceleration,*#*4>52
an inflection point, and a deceleration that concludes in
termination,262729444562=64 | ganeral, growth models
for individual CNTs and CNT—particle systems have
been used to interpret these stages. The initial accel-
eration has been explained by the presence of an
incubation/induction stage, in which the processes of
carburization of the catalyst particles and nucleation
of CNTs were proposed to exhibit an autocatalytic
nature.*® The final decelerating part was explained by
catalyst deactivation kinetics based on various limiting
mechanisms, such as catalyst poisoning, overcoating,
evaporation, or diffusion.*>3?%32%% However, the noted
discrepancy between CNT forest height and mass,
along with the frequent reliance of sparse (i.e., ex situ
time points) data to fit height kinetics to different
kinetic models without obtaining representative statis-
tics, highlights the importance of obtaining a popula-
tion-based picture of the growth kinetics. An ideal
model of CNT forest growth would therefore consider
a distribution of individual growth behaviors and how
these behaviors result in a drastic variation in CNT
density throughout the growth process, which results
in the observed true kinetic behavior of the population.

To obtain further insight about the S-shaped reac-
tion kinetics, we investigated three known models that
are ubiquitous to analysis of population growth in
natural systems: the monomolecular model (eq 14),
the autocatalytic model (eq 15), and the Gompertz
model (eq 16)°¢¢7

ma(t) = (1(1 — ekt ’”) (14)
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(08

ma(t) - 71 +e*k(‘ )

(15)

)

m,(t) = oe' (16)

In these models, a is the asymptotic final cumulative
mass of growth, k is a reaction rate, and 7 is the time
origin.

We find that the Gompertz model is an excellent fit
to the CNT mass kinetics in Figure 6 and compare all
three fits in Figure S11. In fact, only the monomolecular
(aka exponential decay) model was previously used to
fit CNT growth data.?® While the monomolecular mod-
el fits the decay part of the cumulative mass kinetics,
the model fails to fit the initial accelerating part
because it does not have an inflection point. On the
other hand, both the autocatalytic and Gompertz
models are sigmoidal equations that have inflection
points. Further, the autocatalytic curve is symmetric
about the inflection point, while the Gompertz curve is
asymmetric. Hence, the Gompertz model fits our data
best because the different rates of acceleration (crowding)
and deceleration (decay) can be accommodated by the
asymmetry of the curve (Figure 5B).

The Gompertz model has been extensively applied to
population growth in animal systems®® and has been
applied to tumor growth®® and bacterial growth.% It
has also been recently used to represent the fibrilliza-
tion kinetics of filamentous aggregates of t proteins.”®
This analogy can give insights into possible competi-
tion among the population of growing CNTs because
tumor growth involves a population of cells that grows
in a confined space, with a limited supply of nutrients.
While it is possible that catalyst deactivation and
density decay in CNT forest growth analogously result
from shortage of necessary growth precursors at the
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catalyst, this study as well as previous studies
show that growth is not strictly governed by the
diffusion-limited mathematical model (h o t'/?).
Further, diffusivity through a forest changes during
growth because of the evolution of CNT density, in-
dicating that a modification to this model is needed in
order to test the hypothesis that growth is purely
diffusion-limited.

Alternatively, we hypothesize that growth kinetics is
essentially a superposition of two different kinetics:
activation and deactivation of catalyst nanoparticles.
The deactivation rate eventually supersedes the con-
tinuous activation rate that dominates during the
initial crowding stage. The asymmetry around the
inflection point, as well as the catalyst lifetime, may
be controlled by changing the growth conditions,
affecting this activation—deactivation competition.
Thus, we explain that the ubiquitous growth-enhan-
cing agents, such as water or ethanol, can result in high
overall catalyst activity and lifetime®”>~5° by manip-
ulating the rates of activation and deactivation. This
may be done by manipulating the gas-phase chemistry
and influencing migration of catalyst on the substrate.?

Our interpretation is also consistent with findings
that reaction products and intermediates can contri-
bute to the CNT growth rate either by reacting directly
with the catalyst*>®'#2 or by co-reacting with other gas
species.®? For instance, the decomposition of hydro-
carbon gas (C;H, in our case) may be catalyzed by
products or intermediates expelled from the dissocia-
tion reactions at the catalyst, even if they are unstable
groups or short-lived free radicals. Thermal decompo-
sition and rearrangement of C,H, and H, is a multistep
chain of gas-phase reactions yielding a plurality of
compounds,®* and in light of the sigmoid-shaped
population kinetics, it is possible that some of these
reactions manifest an autocatalytic nature and, de-
pending on the product/compound, contribute to
activation or deactivation of CNT growth. For instance,
while alkynes have been specifically shown to accel-
erate CNT growth,®® PAHSs (precursors to soot) are also
generated in thermal CVD, and there are many other
compounds that are apparently benign. CH, was also
identified as a possibly active species.®> Measurements
of the time-varying concentrations of both reactants
and products will give further insights into the chemi-
cal causes and effects of changes in the density of
growing CNTs.

Regardless of the exact interplay or competition
between these compounds and mechanisms, termina-
tion of CNT growth is currently inevitable because the
deactivation rate eventually dominates. In fact, this
deactivation has been attributed to various mechan-
isms that are consequential of the gas-phase chemistry
such as catalyst poisoning,?® overcoating with amor-
phous carbon,*? or steric hindrance,*>®° indicating that
manipulating the gas chemistry is an attractive route
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Figure 7. XPS analysis of catalyst evolution during anneal-
ing and growth: (A) atomic concentration of surface Fe
based on the areas under the peak of Fe2p peaks of the
survey spectra (Figure S12) for three samples (as-deposited,
after annealing, and after growth); (B) comparison of nor-
malized Fe2p,,, and Fe2ps,, peaks for samples as-depos-
ited, after annealing (10 min ramp-up to 775 °C and hold for
10 more min), and after growth (for 15 min at 775 °C) and
CNT delamination. To calibrate binding energy values,
these spectra were shifted by +3.2 eV based on the mea-
sured C1s peak location (Figure S13).

for controlling deactivation. Another universal obser-
vation from our work, as well as others, is that
carbonaceous deposits on reactor walls from previous
growth cycles can improve CNT nucleation and
growth, possibly due to the presence of active species
that desorb from the reactor wall surface when the
furnace tube is heated.®
CNT growth deactivation can also be influenced by
morphological evolution of catalyst nanoparticles such
as by migration'*?" and coarsening.**"®” In our sys-
tem, we hypothesize that accumulating CNT deactiva-
tion is in large part due to evolution of the catalyst
particles, especially atomic diffusion of the catalyst into
and beyond the supporting alumina layer.*?" Indeed,
using ex situ X-ray photoelectron spectroscopy (XPS),
as well as Rutherford backscattering spectroscopy (RBS)
(results not shown), we observe significant diffusion of
Fe catalyst into the substrate in samples that are
processed in the hot-wall reactor. Figure 7A quantifies
changes in the percentage of surface Fe after annealing
and after growth (and delamination of the CNT forest),
based on the area under the Fe2p peaks from survey
scans (Figure S12). While the Fe concentration after
growth and delamination can possibly be affected by
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Figure 8. Collective model of catalyst evolution and CNT population dynamics, showing five distinct stages of the forest
growth process identified by X-ray mapping, along with AFM image of the catalyst nanoparticles (stage 0, catalyst
preparation), and SEM images of the tangled top (stage 2, crowding), aligned middle (stage 3, steady growth), and disordered
base (stage 5, termination) of a typical forest grown by thermal CVD. Stage 2 shows how new CNTs begin growing after the
forest self-organizes, and stage 4 shows how the density of CNTs decays until the critical threshold for self-termination is

reached.

mechanical removal of some catalyst particles (ie.,
attached to the CNTs), the significant loss of Fe after
annealing is evidence of catalyst diffusion through
subsurface layers because the annealing temperature
(775 °Q) is not high enough to cause evaporation of the
Fe catalyst. Nevertheless, in this base growth process,
the catalyst nanoparticles are bound by strong interac-
tions between Fe and Al,05,2"®® as demonstrated in
literature for similar growth systems by means of back-
scatter electron imaging that showed no traces of metal
particles on the top of grown CNT forests.?

Figure 7B is a superposition of the Fe2p spectral lines
for three different samples (as-deposited, after anneal-
ing, and after growth). All spectra were collected during
the same run and are plotted after applying a correction
factor for line positions in order to accurately compare
the binding energy values of spectral lines. A correction
factor of +3.2 eV is calculated based on the commonly
used value of 285 eV for the binding energy of the
ubiquitous C1s peak (Figure S13). Results show that
there is no significant change in the binding energy of
the Fe2ps,, and Fe2p,,, lines (2ps,» peak remains at
about 711.7 eV), indicating that Fe is in essentially the
same oxidation state on all three samples. This is likely a
combination of F>" and F*" based on the corrected
binding energy values***>°%% and the asymmetry of
the peaks. This can be attributed to the ambient oxygen
exposure® after annealing and after growth which
results in oxidation of Fe even if it was reduced to
metallic Fe during the high-temperature process. Never-
theless, the appearance of a low binding energy Fe2ps,
peak at 708.2 eV indicates that there is some metallic Fe
that did not oxidize upon exposure to atmosphere
because it is trapped beneath the surface. Notably,
after subsequent heating in a reducing environment of
H./He, this peak becomes more significant, while after
heating in air, the peak completely disappears (results
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not shown). Also, after heating in H,/He, there is no shift
in the Cl1s peak position (Figure $13), and we find
(Figure S12) that the carbon signal decays while the
aluminum signal increases after growth. These observa-
tions indicate that the low binding energy 2ps,, peak in
fact represents subsurface metallic Fe and not iron
carbide or Fe particles encapsulated with graphitic
carbon. Because XPS penetrates only a few nanometers
into the sample, these findings can only prove the
diffusion of Fe to the near subsurface Al,Os layer,
although we hypothesize that Fe could also diffuse to
the SiO, layer.

On the basis of population analysis enabled by high-
resolution X-ray mapping and the observation of cat-
alyst migration into the substrate, we present a unified
picture of the successive stages of CNT forest growth in
Figure 8. This picture begins with the catalyst prepara-
tion stage by dewetting of a thin Fe film (1 nm thick) to
form nanoparticles. In separate work where we have
studied the dewetting process using in situ grazing
incidence X-ray scattering,®” we observe that the ki-
netics of particle formation is very fast; that is, the Fe
film dewets almost immediately when the tempera-
ture reaches a certain value during rapid heating. After
this, the particle size and shape are fairly stable by the
time the hydrocarbon gas is introduced.?” Hence, the
crowding of CNTs during and after self-organization
occurs over a much longer time scale than particle
formation. Also, as can be seen in Figure 3, the CNT
diameter distribution does not change during crowd-
ing, indicating that catalyst size evolution is an even
longer time scale process. The finding that activation of
the catalyst population occurs at an increasing rate
evokes thoughts of popcorn (CNTs) popping from a
defined population of kernels (particles).”’ The nuclea-
tion kinetics of the CNT population is likely dependent
on the hydrocarbon gas decomposition, surface
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carburization, and other processes and may reflect an
autocatalytic behavior.

After the brief steady growth stage that follows
crowding, the CNT density decays gradually and for a
long duration, resulting in at least an order of magni-
tude decrease in active population of CNT-bearing
catalyst particles. The density decay is accompanied
by a decrease in the average CNT diameter and a
focusing of the diameter distribution. Finally, the col-
lective termination stage is represented by a rapid loss
of alignment and a widening in the CNT diameter
distribution as discussed earlier. Collective termination
occurs when the forest is no longer sufficiently dense
to maintain a self-supporting structure, although it is
likely that some CNTs continue to grow and push
upward into the tangled base layer.>®

In situ®” and ex situ®®? studies showed that the
average size of catalyst nanoparticles increases with
successive exposure to a hydrogen atmosphere, pre-
sumably due to Ostwald ripening. Hence, there is a
discrepancy between the evolution of catalyst size
(increases) and the evolution of CNT size (decreases).
We have also noticed in repeated growth experiments
(i.e., growth, delamination, growth) from the same
catalyst-coated substrate that the CNT forests have
larger diameter and lower mass density in subsequent
growth cycles. A possible explanation for the decreas-
ing average CNT diameter within a single growth cycle
is that larger diameter CNTs stop growing first; that is,
smaller CNTs have a longer catalyst lifetime. A further
important point is that not all catalyst particles grow
CNTs, and in fact, only a small fraction of the catalyst
particles may be active depending on the annealing
and growth conditions. The catalyst activity measure-
ments shown in Figures 6 indicate that the maximum
CNT number density is ~11% of the catalyst particle
number density (Figure S10).

Hence, we must consider that the size evolution of
catalyst particles that bear CNTs may be considerably
different than particles that do not bear CNTs. It is
plausible that the presence of a CNT constrains particle
migration and atomic diffusion of Fe, and therefore
particles with CNTs could have a more stable size
distribution than particles without CNTs. Therefore,
the ripening of the overall particle population could
be dominated by the large subpopulation of particles
that do not bear CNTs. In the limiting case that CNT
growth rate does not depend on diameter (which is
unlikely based on our recent results), and that CNT-
bearing particles do not evolve by Ostwald ripening,
the decrease of average CNT diameter with continued
growth could be driven solely by a decrease in catalyst
size caused by diffusion of Fe atoms into the substrate.
While it is widely accepted that the catalyst nanopar-
ticle size determines the CNT diameter,®%>° there is
no consensus on how an already nucleated CNT re-
sponds to size changes in the catalyst nanoparticle at
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its root, or how the presence of the CNT affects how the
catalyst size changes. Indeed, the catalyst particle is
highly dynamic under the thermal and mechanical
conditions imposed by CNT growth,°>®> and further
study is required to understand how to stabilize catalyst
particles for longer durations and overcome the several
competing mechanisms of CNT growth deactivation.
Also, the distribution of growth behaviors presented by
our complete CNT population implies that a particular
set of time-invariant growth process parameters may
be optimal for only a small subpopulation, whereas the
collective growth behavior is dominated by the re-
sponse of the remainder of the population to the
resulting suboptimal process parameters.

CONCLUSION

Understanding the population growth dynamics of
individual nanostructures such as CNTs is vital to
engineer materials comprising assemblies of nano-
structures and to develop accurate models of their
scale-dependent properties. We presented a compre-
hensive methodology for studying the population
growth dynamics of vertically aligned CNT forests,
utilizing high-resolution spatial mapping of synchro-
tron X-ray scattering and attenuation, along with real-
time height kinetics. This methodology enables non-
destructive calculation of the spatiotemporal evolution
of absolute CNT mass and number density as well as
CNT dimensions (diameter and number of walls). After
the CNT forest self-organizes, the density increases
during a crowding stage, and then the density decays
almost an order of magnitude before self-termination
occurs. The S-shaped mass kinetics is accurately fitted
with the asymmetric Gompertz model of population
growth; hence, CNT synthesis is governed by compet-
ing rates of activation and deactivation and is even-
tually limited by competing effects of gas-phase
chemistry and catalyst evolution. This comprehensive
picture of CNT population growth combines both
chemical and mechanical cooperation throughout five
distinct stages: self-organization, crowding, steady
growth, decay, and collective termination.

Although all of the X-ray data in this paper were
obtained ex situ, the same technique can be applied
in situ to enable real-time monitoring of population
behavior, enabling the control of the outcome by
tuning the process parameters in situ either in an open
loop or a feedback closed loop system. Such dynamic
growth recipes will enable synthesis of CNT forests
with highly uniform density or prescribed density
gradients and possibly overcome collective termi-
nation to enable growth of indefinitely long CNTs.
The population-based picture of CNT synthesis can
be extended to bulk CNT growth processes from pow-
der catalysts that also represent nanoparticle popu-
lations and is vital for manufacturing uniform CNT
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materials by postprocessing, such as spinning,?
rolling,"? and transfer printing,® which are essential
to integration of CNTs into functional materials and
devices. Finally, our methodology and insights into the

METHODS

Forests of vertically aligned CNTs are grown using either a
hot-wall reactor (tube furnace) or a substrate-heated cold-wall
reactor that is equipped with real-time height monitoring (see
Figure S1 in Supporting Information). In both cases, custom
labVIEW interfaces were used to control process variable, such
as temperature and gas flow rates. For the cold-wall reactor, the
substrate temperature was measured by an infrared sensor
(Exergen 2ACF-K-HIE). Digital mass flow controllers (Aalborg
GFC 17, response time = 2 s) were used to control and measure
gas flow rates. Real-time forest height is measured using a
noncontact laser displacement sensor (LK-G152, Keyence)
which is mounted above the cold-wall reactor as described
earlier.>?® The substrate is a multilayer catalyst thin film (1 nm
Fe/10 nm Al;,03/300 nm SiO,) deposited by e-beam evaporation
on 0.5 mm thick (100) 4 in. silicon wafer.

For X-ray scattering measurements, the CNT forest is placed
on a motorized stage in the beampath 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 multilayer optics (W/B4C, 27.1 A d-spacing), and
the beam is focused down to ~10 um using a single-bounce
monocapillary that was fabricated at CHESS. The beam size is
accurately measured by scanning the beam over a pinhole slit
mounted on a motorized stage while measuring the beam
intensity. The sample is aligned according to the procedure
explained in Figure S4. Figure S2 shows a schematic and X-ray
intensity readings from the X-ray detectors placed upstream
and downstream of the CNT forest. The downstream X-ray
intensity measurements are normalized to the upstream mea-
surements in order to eliminate the effect of the drift in
synchrotron intensity with time. Then the Beer—Lambert—
Bouguer law is applied to calculate the mass density of each
slice in the CNT forest, based on the total mass attenuation
coefficient of carbon (graphite) at the X-ray energy of 10 KeV
(~3 cmz/g).g‘3

A standard sample of silver behenate powder (dyo; = 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 log-
normally distributed hollow cylinders (Figure S6). These scans
are obtained by integration of intensities within £10° from the
reference direction (x-axis) of the inverse space parameter g
(chosen to be the direction of maximum intensity). In order to
automate the process of fitting for hundreds of scattering
images, an algorithm was developed to select the fitting range
of each scan and determine an approximate location of the
peak based on the locations of the inflection points around
the peak, as described in Figure S7. The fitting code used an
iterative approach in searching for the best fit within this selected
fitting range. By including the low g part of the data, a good fit was
achieved that selects a probability density function (PDF) for
diameter distribution as well as for the ratio ¢ = ID/OD, where ID
is the inner diameter of the multiwalled CNT and OD is the outer
diameter of the multiwalled CNT (see Figure S8).

X-ray photoelectron spectroscopy (XPS) was carried out at
room temperature on the substrate-bound catalyst for ~5 x 5
mm samples. In all cases, samples were exposed to the atmo-
sphere before putting them in the high-vacuum XPS chamber. A
Kratos Axis Ultra X-ray photoelectron spectrometer was used
with a monochromatic X-ray source (Al Ko X-ray radiation). The
pass energy of the analyzer is 160 eV for the survey scans and
20 eV for the core scans. The anode voltage was set to 15 kV, and
emission current to 6 mA (X-ray power ~90 W). CasaXPS soft-
ware (version 2.3.14) was used to process the spectra. All

collective growth behavior of filaments can be general-
ized to study other systems of filamentary nanostruc-
tures including inorganic nanowires or biological
filaments such as actin.”’

samples were placed together on the same sample holder, and
spectra were collected back-to-back during the same run for
comparative purposes (Figure S12). The carbon 1s peak s used to
obtain an offset correction factor of +3.2 eV, based on the
commonly used value of 285 eV for the carbon peak (Figure S13).

AFM imaging was done using MultiMode AFM, Nanoscope
llla controller in tapping mode, and WSxM 3.0 Beta 12.1 software
was used to view results.’® A Matlab code was developed to
further process AFM images in order to count the particle
number density based on an algorithm that finds the local
maxima of the intensity map representing the AFM image
(Figure S10).
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