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ABSTRACT: The influence of carbon nanotube (CNT) length on their macroscopic properties requires an accurate
methodology for CNT length measurement. So far, existing techniques are limited to short (less than a few micrometers) CNTs
and sample preparation methods that bias the measured values. Here, we show that the average length of carbon nanotubes
(CNTs) can be measured by cryogenic transmission electron microscopy (cryo-TEM) of CNTs in chlorosulfonic acid. The
method consists of dissolving at low concentration CNTs in chlorosulfonic acid (a true solvent), imaging the individual CNTs by
cryo-TEM, and processing and analyzing the images to determine CNT length. By measuring the total CNT contour length and
number of CNT ends in each image, and by applying statistical analysis, we extend the method to cases where each CNT is long
enough to span many cryo-TEM images, making the direct length measurement of an entire CNT impractical. Hence, this new
technique can be used effectively to estimate samples in a wide range of CNT lengths, although we find that cryo-TEM imaging
may bias the measurement towards longer CNTs, which are easier to detect. Our statistical method is also applied to AFM
images of CNTs to show that, by using only a few AFM images, it yields estimates that are consistent with literature techniques,
based on individually measuring a higher number of CNTs.
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chlorosulfonic acid,*” which is the best solvent in the family of

B INTRODUCTION

Carbon nanotubes (CNTs) are tubular molecules of graphitic
carbon with diameters on the order of 1 nm to several
nanometers, and lengths typically ranging from several hundred
nanometers to tens of micrometers, although CNTs with
lengths of up to several millimeters have also been grown.'
CNTs have excellent mechanical,® thermal,® and electrical*
properties, and this unique combination holds great promise for
a wide variety of applications.” However, the macroscopic
properties of CNT materials are typically several orders of
magnitude lower than those of individual CNTs. This has been
attributed to the many difficulties inherent to processing raw
CNT material into a usable form for a specific application,’
particularly because of its lack of solubility in almost all liquids.”
Previous work has shown that CNTs form true solutions in
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CNT acid solvents,®!°'? allowing for the spinning of

macroscopic fibers”"® and coating of films'* from these
solutions. Theoretical calculations"® and experimental results'®
have shown that the tensile strength of a CNT fiber scales
linearly with the average aspect ratio of the individual
constituent CNTs; similar considerations can be made on

electrical and thermal conductivity. Similarly, CNT length
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affects the properties of CNT films. Therefore, it is important
to accurately characterize CNTs length, to assess the potential
of as-produced CNTs to yield materials with desirable
macroscale properties.

Many techniques have been reported to measure average
CNT length; they all face signiﬁcant drawbacks, particularly
when applied to long CNTs.!” A common imaging technique
involves the use of atomic force microscopy (AFM) on CNT
dispersions.“g”19 However, AFM sample preparation for these
systems always involves sonication; moreover, the differential
suspension stability of long CNTs can bias CNT deposition
onto the imaging substrate. Moreover, AFM length estimates
rely on individually measuring a large number of CNTs to
obtain statistically meaningful averages, which is time-intensive,
in terms of sample preparation and analysis. Similarly, the
length of CNTSs has been measured by dynamic light scattering
(DLS), which also requires sample sonication. Several studies
have shown that sonication breaks CNTs, reducing their
average length, and therefore introducing a measurement
bias.”*™** Scanning electron microscopy (SEM) has also been
reported to measure the lengths of aligned, carpet-grown
CNTs, but the method assumes that all CNTs have the same
length and that the height of the carpet is an accurate estimate
of such length. However, studies have shown that chemical
vapor deposition (CVD)-grown CNT carpets have different
densities along the height of the carpet, with the implication
that CNT's do not grow continuously from the substrate all the
way to the top of the carpet.”* Characterization of CNT length
distribution has also been achieved through the use of shear-
aligned photoluminescence® and shear rheology in dilute
suspensions or solutions.” However, shear rheometers cannot
measure the zero-shear viscosity of suspensions of dilute CNT's
longer than ~1 um (because of shear-induced alignment).
Recent work by Zheng and co-workers®” has shown that length
fractionation of CNT populations with standard deviations of
30%—40% is achievable via selective clustering of CNT
dispersions in DNA.

Here, we present a new method for measuring CNT length
over a wide range of lengths. By using our earlier method-
ology,zs’29 we dissolve CNTs in chlorosulfonic acid and image
them via cryo-TEM. The use of a true solvent eliminates the
sonication-related problems faced by other imaging methods
such as AFM or DLS. To avoid limitations in CNT length due
to the limited size of high-magnification cryogenic transmission
electron microscopy (cryo-TEM) images (~1—2 um), we use
total imaged contour length and number of ends to extract the
CNT average length. Because direct imaging is time-intensive,
we apply a statistical method that allows us to estimate the
average CNT length from relatively few images. This method
also yields an estimate of how additional images change the
running length estimate, providing a cutoff in the number of
images sufficient for statistically significant measurement of
CNT length. The usefulness of the statistical method is
demonstrated on both cryo-TEM images as well as AFM
images of CNTs.

B EXPERIMENTAL METHODS

Several different samples of single-walled carbon nanotubes (SWNTs)
and multiwalled carbon nanotubes (MWNTs) were measured in this
study; they include high-pressure carbon monoxide (HiPco) SWNTs
produced at Rice University,®® CVD CNTs produced at Rice
Unive1'sity,3’l a mixture of single-, double-, and triple-walled CNTs
produced by Continental Carbon Nanotechnologies, Inc. (CCNI,
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Houston, TX), and laser vaporization SWNTs from biological char
(“biolaser”), produced by the National Research Council of
Canada.*®7*° The biolaser SWNTSs were used both in raw form or
purified with sulfuric acid to remove residual nongraphitic carbon.

The starting CNT material was dissolved in chlorosulfonic acid
(CSA) at 5—100 ppm wt. Sample preparation was carried out in a
glove box continuously purged with dry air, and all vials were sealed
with Teflon tape. To ensure homogeneous CNT concentration, the
solutions were mixed with a stir-bar for 12 h. Cryo-specimens were
prepared inside a controlled environment vitrification system
(CEVS)* at 25 °C with continuous purging of nitrogen gas,
preventing acid contact with moisture. A small amount (ca. 3 yL) of
solution was deposited onto a transmission electron microscopy
(TEM) grid consisting of holey carbon and copper. The sample was
rapidly vitrified in liquid nitrogen and then transferred to a pre-cooled
TEM system. Specimens were examined in a FEI Tecnai 12 G* TEM
system at an accelerating voltage of 120 kV. A Gatan 626 cryo-
specimen holder was used to maintain the vitrified specimens below
—175 °C. Specimens were studied in the low-dose imaging mode to
minimize electron beam exposure and radiation damage.

Images were recorded digitally by a high-resolution 2k X 2k Gatan
US1000 cooled CCD camera using the Digital Micrograph software
(Gatan, UK.). Images were pre-processed with Digital Micrograph,
and a post-processing step involving the use of various noise-reducing
filters in MATLAB was also carried out, when needed. Measurements
of CNT length in cryo-TEM images were carried out using the
Measuring Tool in Adobe Photoshop (CS4), and CNT end points
were counted visually.

AFM samples were prepared and imaged according to the methods
reported in ref 37. For AFM images, a MATLAB code was written to
detect individual CNTs and their end points, based on three user-
adjusted parameters, similar to the method reported in ref 38, but by
measuring total CNT contour length rather than the length of each
individual CNT. The first parameter controlled the sensitivity of the
thresholding to convert the image from grayscale intensity to a binary
image. The second parameter defined a minimum eccentricity, i.e., the
ratio of the distance between the foci of the ellipse and the length of its
major axis; objects that were not eccentric enough to be considered
CNTs were discarded from the analysis. Finally, the third parameter
defined a maximum average height value above which an object was
considered to correspond to a bundle of CNTs and was discarded to
avoid undercounting CNT end points that might not be visible in the
bundle. The parameters were adjusted until satisfactory visual
confirmation of the CNT and CNT end point detection was achieved,
by overlapping the detection result with the original AFM image.

B STATISTICAL METHODS: THE BOOTSTRAP

A typical dataset consists of a number of images N taken for a
specific sample of CNTs. Each image i is associated with two
measured variables: ; and e, where I; is the total CNT contour
length measured in image i and ¢; is the total number of CNT
end points detected in image i. Defining A; as the area of each
image, n, the total number of CNTs, and (L) the average CNT
length, the density of ends (p,) and the contour length density

(py) are
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where A; = w” in the case of identical square images (as in our
cryo-TEM). Combining eqs 1 and 2 gives
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or, equivalently, in terms of directly measured quantities,

Z,Ii 1 li
DI (4)

To compute a value for the standard error of this estimate, we
use the “bootstrap” method.* The bootstrap method relies on
the assumption that any dataset parameter (such as mean
length, length variance) is an unbiased estimate (in the
statistical sense) of the true value of this parameter, ie., that
the estimator converges to the true value of the parameter in
the limit of infinite sample size. Thus, the bootstrap method
can be used only if the estimates of average CNT length and
variance in CNT length in the dataset are unbiased estimates
for the true values of these parameters. In the context of our
method, this assumption means that the total CNT contour
length and total number of ends counted in our images are only
a function of the CNT population’s true average length and
variance. If the CNT dispersion is of poor quality, or there is a
preferential CNT orientation, then the resulting fluctuations in
CNT end point and length density across images may induce
an additional variance that is unrelated to the CNT
population’s true variance. The concentration of CNTs in the
solutions was chosen so that the solution was isotropic, i.e.,
below the cloud point of the isotropic phase (where the
nematic phase first appears); the cloud point was calculated
based on the theory given in ref 40. The cryo-TEM images
show that the CNTs in our samples are indeed randomly
oriented; thus, eq 4 provides us with an unbiased estimate of
average CNT length, since there is no bias in either ¢; or I.

Datasets that contain no CNT end points are problematic,
because they yield infinite estimates for (L) through eq 4. We
denote the number of images containing zero CNT end points
by N,.. Because the bootstrap method involves picking n images
from the complete dataset with replacement (once picked, an
image is not removed from the set and therefore can be picked
more than once), then the probability of selecting n images
containing zero CNT end points is

P(Z " O] N (%) s)

i=1
Equation 5 shows that, as long as N > N, and the size n of our
bootstrapped set is sufficiently large, the probability of selecting
a set that would yield an infinite estimate for L is negligible.
Therefore, neglecting these sets for our bootstrapped sets
would not induce any significant statistical bias. Equivalently,
the dataset must satisfy the condition

N n
(—p) <1
N
Of course, as the CNT length grows, the fraction of images
with no ends increases accordingly, and the size n of the
bootstrap set must be enlarged for the method to work. When
this condition is met, then, within the limit of large Ny, the

bootstrap average (Ly,,;) converges to (L) and can be used as
the unbiased estimate of the CNT average length:

Ly =2

n
N,
Nn

(6)

1 Nioot 2 Npoor 11 1. b
(L) ® (Lyge) = —— D (L) = —— D 2=~
* Nboat b=1 Nhoat b=1 i=1 Gib (7)
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Here, the index b denotes the bth bootstrapped set. The error
in this estimate is then approximatelgf equal to the standard
deviation 6, of the bootstrapped sets:*

N

—— 0, R Oy
N-1

SE<L) = (8)
In addition, while it is conventional to choose n = N for
bootstrap analysis (to maximize sample size), graphical
visualization of the bootstrap standard errors as a function of
n is useful to determine whether the error reaches an expected
asymptotic behavior as n approaches N. If such asymptote is
not approached, more images should be acquired and analyzed
before a maximally accurate estimate of (L) is obtained. The
standard error is plotted as a function of n and fitted to a
power-law of the form

sey = kn®

)

If the bootstrapped standard error is a true estimate for the
sample variance, then, from classical statistics, it should depend
on the inverse square root of the sample size, i.e, x & —0.5.

B RESULTS AND DISCUSSION

Cryo-TEM Imaging. Figure 1 shows a typical cryo-TEM
image. Long, individual CNTs are clearly visible, partially due

Carbon |
support

200 nm
RSO

Figure 1. Cryo-TEM micrograph of CCNI 1101 CNTs dissolved in
HSO;Cl at 20 ppm wt.

to selective sample irradiation damage at doses of 100 e/A?,
which produce the small white “bubbles” along the CNTs.*'
Figure 1 shows that the pristine CNTs in chlorosulfonic acid
are clearly distinguishable. However, as CNT length grows and
CNTs span multiple images, the imaging process struggles to
follow each individual CNT continuously, because of the
increased probability that some portion of the CNT may be
hidden by crystallized acid, impurities, thicker sample areas, or
by the holey carbon film. As CNT length increases, so does the
likelihood that the CNT might extend into a portion of the
sample film that cannot be imaged because of its thickness, the
presence of artifacts, or any other number of imaging issues.
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Figure 2 shows a collage of three micrographs in an attempt to
follow a long CNT. However, near the edges of the collage, the

4. CNT contour length was measured only if it was in an area of
the micrograph with sufficiently high contrast such that one

0.5 pm

Figure 2. Montage of cryo-TEM micrograph of CCNI 1101 CNTs
dissolved in HSO,Cl at 20 ppm wt. A single, long ( >5 ym) CNT can
be traced across three frames (long red dashed line); however, because
of experimental limitations (low contrast in portions of the sample that
are too thick), the remainder of the CNT cannot be traced or
measured with certainty (short red dashed lines).

sample was too thick to allow further imaging of the tube. This
exemplifies how the high aspect ratio of these molecules can
induce a persistent experimental bias in favor of shorter length
estimates, because of the difficulties inherent in fully imaging a
single, long CNT.

We circumvent these difficulties by measuring the total
contour length and number of end points, as outlined in the
derivation of eq 4. Briefly, we image various parts of each
sample without attempting to follow any individual CNT,
producing the initial dataset of N images. Figure 3 shows typical
images for the six samples studied in this work. We then
manually measured the total CNT length, and counted the
number of CNT end points found in each image. A typical
micrograph and length measurement result are shown in Figure

Figure 4. (left) Cryo-TEM micrograph of CCNI 1101 CNTs
dissolved in HSO;Cl at 20 ppm wt. and (right) overlapping manual
length measurement result showing the measured CNT length in red
and counted CNT end points with green plus sign (+) symbols. The
yellow arrows indicate branching points. The green arrows indicate
portions of CNTs that are still visible whilst straddling the holey
carbon film.

also would be able to conclusively determine any potential end
points. CNTs straddling the holey carbon film were included if
they clearly continued through the film sections (see green
arrows in Figure 4). Regardless of whether branching points
were present (as shown in Figure 4) giving evidence that some
of the CNTs were indistinguishably bundled together, no
portion of any CNT was measured more than once. The
justification behind this method is that bundles are rare in these
very dilute suspensions in a true solvent. Thus, even though
some CNTs are bundled together, the corresponding CNT
length is still included in the measurement.

Statistical Analysis. The results of the statistical analysis of
all cryo-TEM datasets are shown in Table 1. Based on the
values of N, N, and n in Table 1, all our datasets satisfy the
condition specified by eq 6.

Because N, is large, a strong dependence of (L) on n is
not expected, unless the omission of zero-end point boot-
strapped sets were to have an influence on the estimate, i.e., if

Figure 3. Cryo-TEM micrograph of different CNT batches dispersed at various weight concentrations in HSO,Cl: (a) CVD CNTs at S ppm, (b)
HiPco 188.3 at 10 ppm, (c) CCNI 1001 at 10 ppm, (d) CCNI 1002 at 10 ppm, (e) purified biochar at 10 ppm, and (f) nonpurified biochar at 10
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Table 1. Dataset Size (N Images), Number of Zero-End
Point Images (N,), Bootstrap Dataset Size (n), Average
Length Estimate ((L)), Average Bootstrap Length Estimate
({(Lpoor?), and Standard Error of Estimate (se;) for Different
Types of CNTs Computed from Nj,,, = 10° Bootstrapped
Sets”

CNT source N=n N, (L) (um) (Lyu (um) seqy (%)
HiPco batch 188.2 60 15 2.75 2.77 12.5
CVD 25 1 2.13 2.1 14.1
CCNI 1001 38 12 7.97 8.21 14.7
CCNI 1002 19 4 12.45 12.70 16.1
CCNI 1101 45 12 9.95 9.92 11.1
purified biochar 25 10 4.59 4.72 14.9
nonpurified biochar 42 17 6.87 7.11 18.5

“The size of all bootstrapped datasets was chosen to be the same as
the total number of images in a dataset.

(N,/N)" were non-negligible and the condition of eq 6 were
not fulfilled. The inset of Figure S shows that the CVD dataset
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Figure 5. Bootstrapped length estimate and standard error as a
function of bootstrap set size n for CVD, HiPco, purified biochar, and
nonpurified biochar datasets. Inset shows probability of picking only
images with zero end points as a function of n for each dataset. The
legends for the plot and inset are the same.

has a small value of (N,/N)", even for n = 1; thus, it is well-
behaved because the bootstrapped length estimate is
independent of n. All other datasets exhibit a maximum at
low n before asymptotically decreasing toward a limit value
because, at small n, the omission of bootstrapped sets consisting
only of zero end point images induces a non-negligible bias
toward shorter length estimates. As n grows, the probability of
selecting only zero end point images becomes negligible, and
these images’ contribution to the length estimate is properly
accounted. The inset plot of Figure 5 shows that, in the CVD
dataset, the probability of choosing only zero end point images
is negligible at n = 1 (<0.05). However, in the other datasets,
this probability falls below 0.05 when n > n, & 3—4, which
coincides with the maximum in the plot of the bootstrapped
length estimate. For instance, the non-purified and purified
biochar datasets reach (NP/N)" < 0.05 when n, = 3, in the
HiPco, CCNI 1001, CCNI 1002, and CCNI 1101 datasets,
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whereas this criterion is met when n, = 4 for the purified and
nonpurified biochar datasets (see Figures S and 6).
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Figure 6. Bootstrapped length estimate and standard error as a
function of bootstrap set size n for CCNI 1002, CCNI 1002, and
CCNI 1101 datasets. Inset shows the probability of picking only
images with zero end points as a function of n for each dataset. The
legends for the plot and inset are the same.

We further check the behavior the standard errors in the
range of validity of the bootstrap (n — n, > 0), and fit them to a
power law. Figures 7 and 8 show that our standard errors show

100 3

Non-purified biochar
x =-0.57

Hipco 188.2
-0.51

-

204

Bootstrapped Standard Error (%)

T T T —
1 10

Shifted Bootstrapped Set Size (n-n )

Figure 7. Bootstrapped standard error as a function of shifted
bootstrap set size (n — n_) for the CVD, HiPco 188.3, purified biochar,
and nonpurified biochar datasets with lines indicating corresponding
power-law fits and exponents.

~
~

the expected asymptotic power law behavior with x =~ —0.5,
indicating that they are a good estimate for the true variance of
the CNT populations.

Relationship of CNT Length to Growth Method. The
length measurement provides important insight into CNT
production methods and the effect of CNT length on
properties. HiPco batch 1882 was produced by altering the
reactor conditions by running at higher temperature (1030 °C
instead of the standard 900 °C) at a catalyst flow rate
approximately twice the standard (0.6 slm instead of the
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Figure 8. Bootstrapped standard error as a function of shifted
bootstrap set size (n — n.) for the CCNI 1001, CCNI 1002, and CCNI
1101 datasets with lines indicating corresponding power-law fits and
exponents.

standard 0.3 slm of iron-carrying gas stream). Previous shear
rheology and AFM measurements™ had shown that the
viscosity-average length of HiPco batch 120.3, which had
been produced under similar conditions (980 °C with 0.5 slm
catalyst flow rate), was 950 nm. Since the viscosity-average
length is always larger than the number-average length, our
length estimate for the HiPco sample is ~3 times higher than
what was previously reported.

The length measurements provide insight on the properties
of CNTs grown from a planar substrate. CVD CNTs were
grown into a carpet configuration with a carpet height of ~15
pm, as measured by taking a SEM image of the carpet.”’
However, our measurements yield a lower length (~2.1 ym)
for the individual CNT's constituting this carpet, supporting the
literature view that individual CNTs do not grow continuously
from the substrate to the top of the carpet and are shorter than
the carpet height.”*

CCNI CNTs were produced under different conditions for
the purpose of studying the impact of CNT length on the
properties of macroscopic materials."”> Our results show that
batches of CNTs with different lengths can be produced by
tuning reactor conditions. The lengths of the CCNI samples
measured by extensional rheology®> were up to a factor of 3 less
than the lengths measured here by cryo-TEM; this deviation is
consistent with the over-estimation observed for the HiPco
sample. The literature supports the view that the tensile
strength of CNT fibers scales linearly with the CNT aspect
ratio.”® Previous work®> has shown that fibers spun from the
CCNI 1101 CNTs had a higher breaking force than the fibers
spun from the CCNI 1001 CNTs, which is consistent with the
length measurement results reported here. However, ref 32
reports that the CCNI 1002 CNTs yielded fibers with a lower
breaking force than the CCNI 1101 CNTs (yet still larger than
the CCNI 1001 CNTs)—this may be due to structural
imperfections in the fibers spun out of the CCNI 1002 batch,
or may simply be related to the fact that our length estimate of
batches 1002 and 1101 are within ~20% of each other, almost
within the standard error of the measurement.

The biochar SWNTs were produced using a laser ablation
method***> on a novel biochar target and were thought to be
longer than SWNTs previously synthesized using graphitic
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targets.”> Our measurements show that the raw biochar
SWNTs have an average length of ~6.9 um, which is high
for laser ablation SWNTSs (which are typically <0.5 um),** even
though there have been reports of individual laser ablation
SWNTs above 10 pym in Iength.45 Purification reduces the
length to ~4.6 pm, which is still longer than the typical length
of high-quality laser ablation SWNTs, which explains the better
performance of biochar SWNTs in polymer composites.**

Application of Statistical Method to AFM. For
comparison with length measurement results of short CNTs
that were measured individually, the method is also applied to
five AFM height images.42 The lengths and ends are measured
and counted by the user-guided MATLAB program mentioned
in the Experimental Methods section. A typical AFM height
image and image analysis result are shown in Figure 9. Once
the image analysis result is deemed satisfactory, each AFM
image was segmented into nine smaller sub-images to increase
the resolution of the bootstrap analysis.

Figure 9. (left) AFM height micrograph of HiPco CNTs dispersed in
DNA and (right) corresponding length and end point detection result.
Detected CNTs are shown in blue and detected CNT end points are
marked by red plus sign (+) symbols. The height data (shown in false
color) indicates that the remaining structures are CNT bundles. The
width of an individual AFM image is 10 microns.

Figure 9 clearly shows that not all CNTs are included in the
analysis. The MATLAB code uses the height data in the AFM
image to avoid measuring bundles of CNTs, which could
potentially hide CNT end points, thus biasing the measurement
toward a longer length estimate. Given the multitude of CNT's
in each image, even after image segmentation the HiPco AFM
dataset had no problematic zero end point images, and so we
did not have to shift the standard error plot to observe its
expected behavior (Figure 10).

Figure 9 shows that our analysis of the five AFM images
produced a length average estimate of 216 nm, which is in
excellent agreement with the authors’ reported average length
of 232 nm obtained from individual length measurements.** In
addition, Figure 10 indicates that the standard error also has the
expected behavior, with a power-law factor of x = —0.51.

B CONCLUSIONS

In this study, the bootstrap method was applied to cryo-TEM
and AFM images of CNTs to obtain average length estimates
from direct measurements. The cryo-TEM method of analyzing
CNTs in HSO;Cl has the particular advantage of requiring no
sonication during the sample preparation process, eliminating a
frequent source of bias in CNT length measurement methods.
Cryo-TEM is also insensitive to the presence of impurities, such
as graphitic particles (as often encountered in laser-ablation
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Figure 10. Bootstrapped length estimate and standard error as a
function of bootstrapped set size n for the HiPco AFM dataset.

SWNTs), and, hence, is well-suited to examine raw samples
before purification (which may affect length). Yet, cryo-TEM
imaging appears to bias the length estimate towards longer
CNTs, likely because shorter CNTs are difficult to identify
through imaging. Another drawback—the time-expensive
nature of direct imaging methods to obtain CNT length
measurements (common to both cryo-TEM and AFM)—is
overcome by the statistical efficiency of the bootstrap method,
which has been shown to yield accurate results from relatively
tew images of CNTs.
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