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O
ver the past several years, research-
ers have attempted to scale up
the high strength-to-weight ratio

of carbonnanotubes (CNTs) by incorporating
CNTs in macroscopic yarns and composite
materials. Researchers have developed a
number of techniques to make macroscopic
yarns, for instance, (i) dry spinning of CNT
yarns by drawing and twisting from CNT
arrays, aerogels, or mats1�8 and (ii) wet
spinning of CNT yarns by drawing and twist-
ing fromCNT sources embedded in chemical
solutions.9,10 Even though the procedures
are different in technical details, all the yarns
share CNTs as the smallest building blocks
within the yarns. At the nanoscale, the load is
carriedby the tube�tube interactions through
van der Waals forces between carbon atoms,
noncovalent bonds between functional che-
mistries on the surfaces of CNTs, or covalent
bonds through cross-linking between tubes.

One major challenge researchers are facing
is that although individual CNTs are strong
and stable due to sp2 bonding between
carbon atoms, tube�tube interactions are
relatively weak. This has resulted in the
relatively inferior mechanical properties
of CNT yarns compared to those of their
constituents.7,11�14 Therefore, researchers
are investigating various approaches to in-
crease the tube�tube interactions.11 Several
means of enhancing CNT�CNT interactions
have been proposed, including inducing
covalent cross-linking between individual
CNTs and bundles of CNTs via high-energy
radiation15,16 and chemically derived surface
functionalizations.17�22 However, these
treatments, aimed at increasing interaction
between adjacent tubes, come at the ex-
pense of introducing structural defects in
the CNTs themselves. Very few publications
to-date report on experimental studies of
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ABSTRACT Understanding atomic interactions between constituents is critical to

the design of high-performance nanocomposites. Here, we report an experimental�
computational approach to investigate the adhesion energy between as-produced arc

discharge multiwalled carbon nanotubes (MWCNTs) and graphene. An in situ scanning

electron microscope (SEM) experiment is used to peel MWCNTs from graphene grown

on copper foils. The force during peeling is obtained by monitoring the deflection of a

cantilever. Finite element and molecular mechanics simulations are performed to

assist the data analysis and interpretation of the results. A finite element analysis of the experimental configuration is employed to confirm the

applicability of Kendall's peeling model to obtain the adhesion energy. Molecular mechanics simulations are used to estimate the effective contact width at

the MWCNT�graphene interface. The measured surface energy is γ = 0.20 ( 0.09 J 3m
�2 or γ = 0.36 ( 0.16 J 3m

�2, depending on the assumed

conformation of the tube cross section during peeling. The scatter in the data is believed to result from an amorphous carbon coating on the MWCNTs,

observed using transmission electron microscopy (TEM), and the surface roughness of graphene as characterized by atomic force microscopy (AFM).

KEYWORDS: carbon nanotubes . graphene . in situ SEM testing . adhesion energy . molecularmechanics . chemical functionalization
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the mechanical properties of pristine or functionalized
surfaces at the tube level.23�25 Consequently, there is
a demand for developing an experimental technique
that can characterize the tube interface properties
at the tube�tube level. Here we propose an in situ

experimental approach that can be used to investigate
the effects of various chemical modifications on the
material properties of tube surfaces.
Rather than having perfectly aligned CNTs, yarns

consist of complex CNT networks, due to randomness
and entanglement in the CNT sources. Some alignment
is typically achieved during the spinning process. In
the context of this study, yarns produced by twisting
and stretching ribbons of freestanding mats of CNTs
are of particular interest.7,26 The smallest constituents
in macroscopic yarns spun from such mats are CNTs,
which are arranged into bundles typically exhibiting
some degree of orientation. These bundles form a
network leading to filament structures.7,26,27 This com-
plex structure results in various deformation and failure
mechanisms acting at each length scale: from failure
of the CNTs themselves, to peeling or shearing of the
CNTs within bundles, to peeling or shearing from
adjacent CNT bundles, where the network of bundles
is subjected to macroscopic axial elongation. At the
tube level, the interface failure between adjacent CNTs
in a macroscopic yarn can be classified as either
peeling, shearing, or mixed modes. Peeling resembles
Mode I fracture, while shearing corresponds to Mode II
fracture. If CNTs were perfectly aligned with one
another along the axis of the fiber, shearing would
be expected to be the predominant mode of failure.
However, as perfect alignment of all of the CNTs within
a yarn cannot be achieved, it is important to also
characterize peeling. Developing an understanding of
shear and peeling behavior between individual CNTs
can provide mechanistic understanding of various
functionalizations for improved CNT�CNT interac-
tions, leading to higher-performance CNT-based yarns.
Shearing in situ scanning electron microscopy (SEM)
of CNTs was recently addressed by Espinosa and
co-workers.28 In this manuscript, we extend the work
to peeling.
The peeling of CNTs from a substrate has been

investigated through both simulations and experi-
ments. Sasaki et al. conducted molecular mechanics
simulations of single-walled carbonnanotubes (SWCNTs)
peeling from graphitic surfaces, showing that sufficiently
long SWCNTs adhered to graphite would transition from
a line contact regime to a point contact regime before
separating completely duringpeeling.29,30 Strus et al. used
atomic forcemicroscopy (AFM) to peel CNTs from various
substrates and compared their force-vs-displacement
relations with results from an elastica model.31,32

They reported interfacial energy as the integral under
experimentally obtained force-vs-displacement curves
and verified the conformational states predicted

numerically by Sasaki et al. Buchoux et al. also used
AFM, in this case to peel CVD-grown SWCNTs from
graphite and mica substrates.33 They calculated adhe-
sion energy normalized per unit length of the CNTs
through a force balance by assuming that changes in
the profiles of small-diameter tubes were negligible
such that cantilever deflection and debonding length
could be considered equal. Ishikawa et al. performed
in situ SEM nanoscale peeling tests of a multiwalled
carbon nanotube (MWCNT) from graphite using a
novel device they developed with force and displace-
ment resolutions similar to those of AFM.34,35 They
reported adhesive energy as the integral under the
experimentallymeasured force-vs-displacement curve,
and verified that this energywas larger than the energy
required for pushing and rolling MWCNTs on graphite,
as reported previously in the literature.36,37 Ke et al.
investigated self-peeling of SWCNT bundles through
in situ SEM experiments.38 They applied classical peel-
ing analysis to compute the energy release rate at the
peeling point normalized by bundle bending stiffness,
withoutmeasuring force. These studies did not provide
a direct measurement of the surface energy in terms of
energy per unit area, so it is difficult to compare the
performance of each system in terms of normalized
material properties.
To fill in this gap, we present an approach combining

in situ SEM peeling experiments and theoretical com-
putations. This study focuses on evaluating the surface
energy of individual MWCNTs peeled from a graphene
substrate. The direct visualization of the peeling pro-
cess through in situ SEM testing, combined with force
measurements, provides fundamental insights into
the nanoscale interactions between these materials.
When combined with an analytical model, finite
element simulations, and atomistic calculations, the
approach also enables the estimation of energy con-
tributions within the framework of fracture mechanics.
The method presented here is envisioned as a tech-
nique that can be used to evaluate the effect on
nanoscale interactions between CNTs caused by che-
mical functionalizations, with the results presented
here serving as baseline values for interactions be-
tween nonfunctionalized CNTs.

Experimental Methodology. In the peeling tests, as-
produced MWCNTs were attached to, and sub-
sequently peeled from, a substrate of graphene on
copper (Figure 1) in order to experimentally evaluate
the surface energy between the CNT and graphene.
Within an SEM chamber, a tube was attached to the tip
of an AFM cantilever of known stiffness that extended
from a nanomanipulator. The tube was manipulated
such that it lay on a graphene substratemounted on an
SEM stage. After a line contact was formed between
the tube and the graphene, the stage was pulled
away from the fixed cantilever to peel the tube from
the graphene substrate. Images of the peeling process
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were recorded to track both the profile of the tube
and the deflection of the AFM cantilever. The vertical
peeling forces were calculated by visually tracking
the cantilever deflection and accounting for the offset
angle,R (see Figure 1). After each test, the profile of the
fully separated CNT was compared with its original
shape to ensure the tube remained straight and did not
change in length. For data analysis after the test, the
peeling angle and cantilever deflection immediately
preceding a peel were evaluated and used to calculate
the surface energy of the CNT�graphene interface.

In theory, peeling two layers of graphene as op-
posed to peeling a MWCNT from graphene will benefit
the surface energy calculation by simplifying the
contact width determination. However, we chose
the MWCNT�graphene system for experimental rea-
sons. On the basis of our experience, manipulating
graphene, a 2-D material, is much more difficult
than manipulating a carbon nanotube, which is a 1-D
material. In addition, there are several problems that
could result from using a graphene layer instead of a
carbon nanotube. For example, graphene tends to
form tapered sections with uneven cross-sectional
widths, as highlighted by Sen et al.39 Variable contact
width along the length of the graphene layer could
not be assessed in SEM due to resolution limitations.
An additional challenge could arise pertaining to ma-
nipulation: one would need to ensure that the two-
dimensional graphene sheet adheres well to the
AFM cantilever. Typical methods of adhesion, such as
amorphous carbon deposition, may not work properly
for welding homogeneously along the contact line for
a 2-D material to provide a well-defined boundary
condition. Furthermore, since this study is envisioned
as a test bed for assessing the changes in surface
energy associated with chemical functionalization,
treatment of a monolayer of graphene may reduce

the structural integrity of the layer. Such effects should
not be as drastic for MWCNTs, where the inner shells
should remain intact despite outer surface chemical
functionalization. Therefore, MWCNTs are chosen in
the current study.

The structures of 78 representative MWCNTs were
examined using high-resolution transmission electron
microscopy (HR-TEM) (Figure 2a and Figure 2b). The
number of walls in each tube used in the experiments
was estimated from the HR-TEM characterization of
20 tubes (among the 78 tubes investigated) with outer
diameters similar to those measured in the in situ SEM
experiments. From the TEM images, the outer diameter
and number of walls in each tube were measured from
line scans transverse to themain axis of the CNT. Linear
interpolation of the number of walls as a function
of tube outer diameter provided a statistical basis
for estimating the number of walls within tubes tested
in the SEM.While TEM images of this representative set
showed that some tubes (Figure 2a)were relatively free
of amorphous carbon coating, others (Figure 2b) were
heavily coated. The potential effects of this coating
on peeling behavior are described in the General
Discussion section. Raman spectroscopy was also per-
formed on the tubes to assess the defect density. The
ratio of the D to G peaks (Figure 2c) was approximately
0.1, indicating that the defect density of the tubes was
low. The diameters of individual tubes used in the
in situ SEM tests were measured by calculating the full
width at half-maximum (fwhm) of line scans perpendi-
cular to the main axis of the CNT in the SEM images of
each tube.

Graphene was chosen as the peeling substrate
because it mimics the interaction surface from which
CNTs would peel within dry-spun CNT yarns. A repre-
sentative SEM image of a graphene surface (Figure 3a)
shows copper grain boundaries (thick dark lines) as

Figure 1. In situ SEM peeling setup. (a) Testing schematic. A MWCNT is adhered to a graphene surface at an angle θ with an
offset R, both of which can be characterized directly from SEM images. The stage is then slowly pulled away, causing the
MWCNT topeel from the graphene substrate. (b) SEM imageof aMWCNT carbonwelded to a cantilever tip and in contactwith
a graphene surface. Arrows denote the path of the CNT, including the line contact beneath the three top arrows.
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well as the presence of small ripples (thin white lines).
Copper grain boundaries were avoided during testing,
as they were visible in the SEM. SEM images of the foil
showed that copper grain boundaries were greater
than 20 μm in any linear dimension, far exceeding
the typical line contact region between the tube and
the substrate (∼3 μm). The topography of the gra-
phene surface was characterized by atomic force

microscopy (AFM) in noncontact mode, as shown in
Figure 3c. Both atomically smooth and rippled regions
were identified. The rippled regions had roughness
values of approximately 4 nm in height with ∼200 nm
spacing between ripples. The effect of graphene rough-
nesson thesurfaceenergymeasurementwill bedescribed
in the General Discussion section. Raman analysis of the
graphene-on-copper foil exhibited the characteristic D, G,

Figure 2. MWCNT sample characterization. (a, b) Sample HR-TEM images of as-produced arc-discharge MWCNTs. The tubes
observed in the TEM were well-ordered and straight with variable amorphous carbon present on their outer surfaces.
(c) Raman spectrum forMWCNTs. The ratio of theD peak to theG peak suggests that the defect density of theMWCNTs is low.

Figure 3. Graphene substrate characterization. (a) Representative SEM image of a graphene-on-copper surface showing
three copper grains forming a junction.Wrinkles in variousorientations are also apparent in the image. (b) Raman spectrumof
graphene-on-copper surface. The presence of a G peak and a 2D peak are indicative of the presence of graphene on the
surface. (c) Representative AFM image of a graphene-on-copper surface used to characterize wrinkles. Line scan over 5 μm
indicates ripples are about 4 nm high and spaced ∼200 nm apart.
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and 2D peaks for graphene (Figure 3b). The ratio
of the D to G peaks of 0.2 is indicative of a low defect
density. Additionally, the ratio of the 2D toGpeaks of∼2.4
confirmed that monolayer graphene was indeed present
on the copper foil, where a ratio of ca. 2�4 is characteristic
of monolayer graphene.40�42

As a means of validating the results of peeling from
the graphene-on-copper foil, MWCNT peeling tests
were also performed on freshly cleaved highly ordered
pyrolytic graphite (HOPG) surfaces. HOPG has been
used as a peeling substrate in previous CNT peeling
studies, in part because topographical AFM scans have
shown that the material is atomically flat.31�35 While
monolayer graphene-on-copper was the primary sub-
strate used in the present study, results from peeling
tests with HOPG further demonstrate the ability of the
experimental method to acquire surface energies of
unfunctionalized graphitic interfaces.

Kendall Analysis. MWCNT peeling studies were ana-
lyzed using the classical peeling formula developed
by Kendall,43 which assumes that an elastic film peels
from a rigid substrate under a constant axial load,
incrementally progressing the peel front without chang-
ing the shape of the film. The corresponding energy
balance yields

F(1 � cos(θ)) ¼ 2γw � F2

2Eπdt
(1)

where F is the applied force, θ is the angle of
the applied force with respect to the substrate (see
Figure 1), γ is the interface surface energy, w is the
contact width between the two surfaces, E is the elastic
modulus of the CNT (E = 1 TPa12,13,44), d is the outer
diameter of the CNT, and t is the single wall thickness
(t = 0.34 nm, as we assume only the outer wall carries
the tensile load). The term on the left-hand side of
the equation corresponds to the external work of the
cantilever acting on the CNT, while the first and second
terms on the right-hand side of the equation denote
changes in adhesion energy and changes in strain
energy, respectively. In order to derive γ, w needs to
be determined. Additional details describing the cal-
culation of these parameters as well as the applicability
of Kendall's formula to the peeling tests are included in
subsequent sections.

Atomistic Methodology. Molecular mechanics simula-
tions were used to determine the contact widths,w, by
relaxing MWCNTs onto a single sheet of graphene
using atomistic modeling techniques. Our model be-
gins by considering a large defect-free graphene sheet
that represents graphene on the surface of a polycrys-
talline copper foil. Recently published STM images
of CVD grown graphene on polycrystalline copper foils
indicate the presence of an intact graphene lattice.45

It was also shown that the interaction of copper
with graphene stimulates the partial dislocation of
atoms in the surface layer of the copper substrate only.

Therefore, we assume, similarly to the aforementioned
experiments, that the carbon�carbon bonds in the
graphene used here are not broken during peeling.
Copper atoms are omitted in the present theoretical
model since they are beyond the scope of this study.
Instead, the copper�graphene interactions are mod-
eled indirectly by assuming that the carbon atoms of
the graphene layer are fixed in space after the structure
is relaxed. As the analysis in the Atomistic Prediction of
Contact Width section suggests, the presence of the
copper instead of free space below the graphene is
expected to change the surface energy by ∼6%.

The large sizes of the experimental samples were
addressed in the modeling by wrapping correspond-
ing bonds and interactions in zigzag MWCNT-gra-
phene structures across the longitudinal axial period
of the sheet. Hydrogen atomswere added to graphene
carbon atoms along the two other edges in order to
eliminate edge effects in the nonperiodic directions.
The length ofMWCNTs in all simulations is 8 units (or 16
circumferential rings of carbon atoms). The procedure
for choosing an appropriate axial length of the bound-
ary box is described in the Methods section. In order to
satisfy a minimum image criterion, the nonbonded
cutoff was set to 12 Å.

All simulations were performed using the MM3
potential as implemented in the molecular mechanics
package Tinker 6.0.46 According to earlier studies,47�49

the MM3 potential has been found satisfactory for
describing CNT properties where C�C bond breaking
does not occur. In particular, dispersion interactions are
included so that nonbonded interactions common
between proteins and CNTs are included. The carbon
atoms were modeled as alkene (type 2) atoms. The
potential energy of the structures in all simulations was
minimized to an rms gradient of 0.0001 kcal/mol/Å.
Zigzag CNTs with various numbers of walls were
allowed to fully relax on the fixed graphene surface.
Two protocols were used in relaxation calculations,
designed to explore both collapsed and noncollapsed
structures. In the first, the cylindrical shape of the CNT
was deformed by applying displacements to selected
atoms, in such a way as to try to induce collapse. At
each step, the configuration of the tube was optimized
subject to the displacement constraints. After the inner
interwall distance reached 3.4 Å, all the constraints
were released, and a full relaxation of the structure on
the graphene surface was performed. In the second,
full relaxations from the initially cylindrical starting
structures were performed.

RESULTS AND DISCUSSION

Experimental Peeling Process. Forces exerted on the
CNTs were obtained by digital image correlation of
SEM images which tracked the deflection of the AFM
cantilever throughout each peel test. The precise peel
front propagation lengthwas not required for Kendall's
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analysis, but an estimate of this helped determine
whether or not the observed peel suffered from com-
plications with the in situ experiment. In particular,
peels with large displacements (∼1 μm) and large
fluctuations in force were not considered in the anal-
ysis, as theymay have arisen fromvarious experimental
factors that could have led to excessively high forces
and significant deviations from the Kendall analysis.
Additional explanation of these factors is provided in
the General Discussion section.

Finite Element Simulation Verification. While Kendall's
formula is used in this study to calculate surface
energy, the assumption of shape constancy during
peeling does not apply in the employed experimental
protocol, as the cantilever restricts the motion of
the CNT. Hence, during a small but finite advancement
of the peeling front, the shape of the tube changes
slightly. The effect of this discrepancy between the
experimental and analytical boundary conditions on
adhesion energy is investigated using finite element
analysis (FEA). In the FEA calculations, the tube was
modeled as a 1-D beamwith a cylindrical cross-section
matching that estimated from experiments. Three-
node quadratic beam elements were used to account
for the tensile and bending deformations. As in
Figure 4a, in the initial state (1), the CNT is straight
and slack: no external loading is applied, and thus there
is no strain energy in the system. At the left end of
the tube, displacement and rotation were constrained,
and at the right end, a spring element with a spring
constant equivalent to that of the AFM cantilever used
in the peeling experiments was connected to the tube.
Note that during peeling, the AFM cantilever does not
move horizontally but can move in the vertical direc-
tion. Hence, to obtain an initial shape consistent with
the experiment, the spring element was progressively
displaced until the position of the right end of the tube
coincided with the position of the tube, just before

peeling in an experiment (see Figure 4b). The FEA simu-
lation predicted a tube profile that closely matched
the experimental observation (see Figure 4c). At this
configuration, the force applied at the right end of the
tube, F, as well as the strain energy stored in the tube,
Einitial, were obtained. To compute the energy release
rate numerically, a virtual motion of the peeling front
(10 nm in length) was assumed. After the system
equilibrated, the strain energy of the tube after peel-
ing, Efinal, was obtained. Also, integrating the cantilever
force vs cantilever displacement yielded the external
work, Wext, performed on the tube. Thus, according to
Griffith's analysis,50 the energy release rate, G, during
peeling can be obtained numerically; namely,

G ¼ Wext � (Efinal � Einitial) (2)

To compare, Kendall's formula can also be applied
to calculate the energy release rate. By inputting the
cantilever force, F, and the peeling angle, θ, extracted
from the simulation result right before peeling, the
energy release rate given by Kendall's model is

G ¼ F(1 � cos(θ))þ F2

2Eπdt
(3)

We performed FEM calculations on multiple peeling
experiments (varying tube length and peeling angle)
and consistently found only a 5% overestimation
of the energy release rate by Kendall's model com-
pared to Griffith's analysis. Thus, Kendall's analysis
is used to compute the energy release rate from which
γ is obtained.

Atomistic Prediction of Contact Width. Earlier
studies49,51,52 demonstrated that van der Waals interac-
tions between CNTs and substrates can lead to defor-
mation and even collapse of the tube, especially
for nanotubes with large diameters. In addition, other
observations suggest53,54 that tube twisting may be
used as a marker for detection of nanotube collapse.

Figure 4. FEA simulations. (a) Schematic of the FEA simulation setup. An initially flat CNTwith lengthmatching thatmeasured
in the experiment is bent from configuration (1) to (2) to (3), with the left end held fixed. The right end in configuration (3)
corresponds to the experimental measurement. A roller is added to the right end after configuration (3) to prevent the tube
from translating horizontally during peeling. (b) Schematic of the FEA peelingmodel. The springwith constant k corresponds
to the cantilever stiffness. The solid line represents the CNT configuration right before peeling, and the dashed line represents
the CNT configuration after peeling 10 nm. (c) Comparison of the CNT shapes right before peeling obtained from the FEA
simulation and experimental observation.
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Since only straight CNTs were observed in the current
experiments, we assume that the MWCNTs are not
collapsed before being put on the surface. However,
depending on the diameter and number of walls,
we expect some deformation on the graphene sur-
face. Since it is difficult experimentally to determine
the actual contact surface between the CNT and sub-
strate, we have used atomisticmodeling to describe the
shapes of MWCNTs in these experiments. Such studies
are well-known for SWCNTs andDWCNTs49,55,56 of small
diameters but not for MWCNTs.

The adhesion energy and, therefore, contact sur-
face can be treated as a function of radial deformation
of the MWCNT. To determine this contact surface,
we need to define the operational range of van der
Waals (vdWs) forces associated with contact between
the nanotube and surface. A complete treatment of the
vdWs forces should include Casimir effects in describ-
ing nanotube interactions.57 However, we begin with
considerations of the less-general Lennard-Jones po-
tential given by

V ¼ ε
rm
r

� �12

� 2
rm
r

� �6
" #

(4)

where ε is the well depth, and rm is the separation
distance at which the well has a minimum. For graphi-
tic materials, it is known that rm ≈ 3.4 Å. At r = rm,
V = �ε. At r = 2rm, V = �0.03 ε. Thus, tube atoms at
∼6.8 Å from the graphene sheet each contribute∼3%
of the energy of an atom at the vdWs minimum. Not
every atom within 6.8 Å of the graphene sheet con-
tributes equally. Instead, those at theminimum separa-
tion make a full ε contribution and those at larger
separations make a contribution scaled appropriately
with distance. The energy differences between differ-
ent locations in the vdWs registry are small (∼50%)
compared to the vdWs energy at the minimum.58 Also,
upon geometry optimization, atoms will take on geo-
metries that tend to minimize their vdWs energies.

In the experiments, an atom in the MWCNT is
interacting with all of the atoms in the graphene-
on-copper. This implies that summing of the asso-
ciated pairwise interactions is required. Steele has
done such a summation for the (100) face of a simple
cubic lattice, a result that depends on the position
of the atom relative to the lattice.59 It is also possible
to replace the discrete set of atoms of the surface with
a continuous distribution and to replace the sum with
integration over the surface. The result is a 4,10potential
that describes the interaction between an atom and the
surface as a function of separation.59 It is given by

Vs(z) ¼ 2πε ∑
¥

k¼ 1

2
5

1
z�þ k

� �10

� 1
z�þ k

� �4
( )

(5)

where k is an integer that indexes the planes, z* = z/
(2�1/6rm), and z is the shortest distance between the

atomand the surface. Steele showed that this provides a
good approximation to the full-summation result, for
separations between ∼r = rm and r = 2rm and beyond,
for atoms that are the same size as those that comprise
the surface (see Figure 2.3 of ref 59, solid dots). The
expression goes as 1/r3 asymptotically (see also ref 60).
The remaining sum is over planes, with the second
plane contributing ∼6% of the first. Similarly, replacing
this final sum with an integral results in a 3,9 potential
that does a poor job at approximating the full summa-
tion result for r less than approximately 4rm, but then
provides the same result as the full sum out to asymp-
totically large distances, where it has 1/r3 behavior.59

Thus, one option is to use eq 5 to help in describing
the interactions of the tube atoms within∼rm to 2rm of
the surface; the experimental estimate of the energy of
an atomat the vdWsminimum (0.26 J 3m

�2� 0.043 eV/
atom) can be scaled using eq 5 for larger separations
up to 2rm.

61�63 The curve predicted by eq 5 has a well
depth that is approximately 2/3 of that predicted by
performing the full sum for an ideal-registry-type
position (see Figure 2.3, curve “S”, of ref 59). Including
such a factor to scale down the well depth should be
done to account for the inability of atoms to enter into
ideal vdWs registry.

The geometry of the MWCNT�surface interaction
in our molecular mechanics simulations is such that
there were relatively few atoms that have rm < r < 6.8 Å
from the graphene surface (see Figure 5b), compared
to the number of atomswith separations close to r= rm=
3.4 Å. The rm < r < 6.8 Å atoms are those present in the
outer wall of the tube, near the edges of the flattened
regions of the tube. The use of a cutoff distance larger
than 6.8 Å would lead to a logical inconsistency
because we are using a per atom energy based on
graphite; thus, atoms in the second-to-outer wall of the
CNT are part of the bulk-like graphite that make this
energy approximation possible. To first approximation,
the vdWs interaction “sees” into materials to a depth
approximately equal to the separation (∼3.4 Å in our
case), suggesting our per atom approximation is
reasonable.64 There is evidence that as few as two to
three layers of graphene or walls on a CNT are enough
for the associated vdWs interactions to be close to
those of bulk graphite.65,66 A Lennard-Jones-based
argument would suggest the same. TEM studies pre-
sented here suggest that the tubes used in experi-
ments have greater than 10 walls, which is more than
enough to justify this bulk approximation.

On the basis of the above discussion, the energy
contribution of an atom in the outer wall of the tube
can be estimated as

Eat ¼ 2
3

Vs(rm þ dz)
Vs(rm)

� �
0:043 eV (6)

where dz = z � rm, for atoms with z ∼ rm to z = 2rm.
These atoms were those located near where restrictions
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due to the curvature of the tube confine them to
this z range. Only k = 0 was used in the calculations of
Vs, an approximation that should result in errors much
less than the∼6%referencedabove, due to cancellation
of errors.

To show the effect of defining the contact width
using a separation of e6.8 Å, we have performed two
types of calculations using theMM3MWCNT/graphene
model. In the first, after relaxing the tubes on the
graphene surface, the atoms located in the outer wall
in a plane perpendicular to the longitudinal direc-
tion of the tube were identified for each segment
of the tube. Then their positions were fitted to a
polynomial function. The function values at e6.8 Å
tube�graphene separation were used to determine
the contact width. The values were averaged over all
segments along the tube. In the second, we explicitly
accounted for the fact that carbon atoms from the flat
and curved segments of a CNT contribute differently to
the adhesion energy. Initially, the van der Waals inter-
action energy per atom was calculated as a function of

interlayer distance between two graphene sheets
(see Figure 5a). Then, the integral of the binding energy
over all atoms of a CNT was calculated based on eq 6.
Comparison of the CNT�over�graphene binding en-
ergy with the one for graphene�over�graphene
was then used to define the contact width. Both cal-
culations resulted in contact width estimates that are
effectively the same.

The degree of radial deformation of the CNTs
is a function of the number of walls and the outer
diameter. In the limit of large wall number and small
outer diameter, no deformation occurs. In that case,
the contact width can be calculated using an equation
for a cylinder interacting with a stiff substrate:

wcylinder ¼ D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � 1 � 6:8

D

� �2
s

(7)

where D and wcylinder (black lines in Figure 5c, and
Supporting Information, Figure S3, and Figure S7)
are the diameter and contact width of a rigid cylinder,

Figure 5. Molecular mechanics simulations of contact width. (a) The vdWs interaction energy per carbon atom based on
interaction of graphene layers. (b) Flattened and fully collapsed structures that MWCNTs form due to interactions with
graphene surfaces. (c) Contactwidth variation as a functionof CNTdiameter andnumber ofwalls. The regionof fully collapsed
structures is highlighted in gray, while the region of flattened structures is highlighted in pink. Each line corresponds to a
certain number of walls.
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respectively. Radial deformations become increasingly
large with increasing diameter of the outer wall (pink
region in Figure 5c). At some point the structures
become flexible enough to collapse (gray region in
Figure 5c). We determined from simulations that the
point at which fully collapsed tubes are energetically
stable is defined by the diameter of the innerwall. At an
inner wall diameter of approximately 31 Å, contact
between opposing tube sides is no longer sufficiently
stabilized by van der Waals forces to prevent the tube
from returning to a more cylindrical shape, regardless
of how collapsed the initial tube geometry guess is.
Therefore, the following equation was developed
and used to determine the borderline below which
full collapse is impossible:

Dout ¼ Dinner þ 2(Inter)(N � 1) (8)

where Dout is the outer diameter of the tube, Dinner =
31 Å, Inter = 3.4 Å is the interwall distance, and N is the
number of walls. The tubes will be nearly cylindrical
in cross section for D < Dout, for a given N. The four
points adjacent to the solid cylinder line in Supporting
Information, Figure S3 correspond to examples of such
tubes.

ForD>Dout, collapse is possible. For thesediameters,
the following equationwas used for the collapsedwidth
estimates (see the Methods section for parametrization
details):

wcollapsed ¼ 3:699þ 1:556D � 8:175N (9)

where D is in Å. For each collapsed structure, a corre-
sponding noncollapsed structure might also exist.
Contact widths for such “flattened” structures can be
obtained by applying corrections to eq 9 using:

wflattened ¼ wcollapsed

� N �0:00438þ 0:41164
N

� �
[(1 � H)D

þH(Aþ B exp( �D=C))] (10)

where

H ¼ 1

1þ exp
�2(D � 8N)

N

� � (11)

A ¼ 24:85þ 13:26N (12)

B ¼ �29:76 � 13:78N (13)

C ¼ 14:10þ 9:23N (14)

Details of the development of these expressions can be
found in the Methods section.

The stability of flattened versus collapsed config-
urations is determined by the balance between the
force necessary to bend a graphitic sheet of a particular
thickness, and the stabilization from van der Waals
forces in the central collapsed region of the tube. If the

central collapsed region is too small, the van der
Waals forces do not provide enough stabilization,
and the structure springs back to a flattened shape.
Both flattened and collapsed structures may be stable,
in which case there is an energy barrier associated with
transforming geometry from one structure to another.
At some D for a given N, flattened and collapsed
structures are approximately energetically equal.
We derived the following equation to describe the line
separating the D and N values for which flattened
versus collapsed structures are most stable:

20:196Nþ 215:954 ¼ πDinner (15)

Supporting Information, Figure S4 is a cartoon illustrat-
ing the behavior captured by eqs 8 and 15. At even
larger D values for a given N, only collapsed structures
are stable (see Supporting Information, Figure S4d).

By summing pairwise vdWs interactions, the energy
associated with a pair of planes can be calculated.
It is given by60

W ¼ �A

12πDp
2 (16)

where A is a Hamaker coefficient andDp is the distance
between planes. The coefficient A is described by

A ¼ π2CF1F2 (17)

where F1 and F2 are the numbers of atoms per unit
volume, and C is the coefficient in the associated
atom�atom pair potential, Wp = �C/r6. Inclusion
of Casimir effects (i.e., the full dielectric response
of the material) does not change the form given
by eq 17, but changes the expression for A.60,64 Thus,
the pairwise and full vdWs expressions forW have the
same form.

Formetals (including semimetals) in or near contact
(Dp e 20 Å) in vacuum, A ≈ 4 � 10�19 J,60,64 so W =
0.092 J 3m

�2. Two surfaces are created, so this gives
a surface energy of 0.046 J 3m

�2. However, as explained
in ref 60, it is necessary to use a cutoff distance that
is substantially less than the interatomic distance
required to use eq 17 to calculate surface energies,
as it is necessary to consider the atomic struc-
ture of surfaces when they are in contact. Using γ =
A/[24π(0.165 nm)2] as suggested in this reference gives
γ = 0.2 J 3m

�2, which is within experimental error of the
average of the experimental values in previous reports
(0.26 J 3m

�2).61�63

It is also useful to consider estimating the energy
contribution from the rounded areas where the tube
flattening ceases, by using the Derjaguin approxi-
mation.64 The approximation involves considering
the surface of a material as a combination of piece-wise
units that are parallel to the opposing surface, allowing for
the use of eq 17 for each piece, and then summing.
However, for the regions in question, the radius of curva-
ture isnot largecompared to theseparationbetweensuch
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regions and the graphene surface, so the approximation
would not be very good.

Experimental Surface Energy. Experimental results for
eight in situ SEM peeling tests are reported in Table 1.
The tubes employed in the experiment had diameters
in the range of 19�30 nm. Surface energywas calculated
for each test using eq 1. The results listed for Tube 1 are
from two subsequent tests with the same tube. SEM
images of Tube 1 before and after the first test showed it
maintains its straight profile before and after peeling. The
results listed for tubes 2 and 3 are from single tests
performed on each tube. In the case of tube 3, two peels
weremeasured from the same test, but the tubewas not
disconnected between the peels.

To provide a thorough interpretation of the experi-
mental results, we measure energy values in multiple
forms (Table 1). First, we report adhesion energy per
unit length, which makes no assumptions about the
contact width at the interface. The average adhe-
sion energy is 6.0 nJ 3m

�1 with a standard devia-
tion of 2.6 nJ 3m

�1. However, as noted previously,
surface energymay be amorewidely applicablemetric
to remove tube size dependency. Therefore, we report
two columns of calculated surface energy values,
which vary depending on the assumed conforma-
tion of the tube during peeling. If the tube is taken
to be fully collapsed, the average surface energy is
0.20 J 3m

�2 with a standard deviation of 0.09 J 3m
�2. If,

instead, the tube is taken to be flattened, the average
surface energy is 0.36 J 3m

�2 with a standard deviation
of 0.16 J 3m

�2. The largest scatter is found in the surface
energy extracted from tube 3. This could be because
this tube had the smallest diameter among those
tested. As such, it is possible that tube 3 was affected
more than the other tubes by factors discussed in the
manuscript (contact conditions, surface inhomogene-
ities, contact width determination, etc.), resulting in
larger variations in the measurement.

In addition, the results of two peels from an HOPG
substrate, with applied loads and peeling angles simi-
lar to those reported with the graphene-on-copper
substrate, are included in Table 1. The measurements
fall within the range of values obtained with the

graphene-on-copper substrate. Our simulations sug-
gest that the lowest energy tubes in all tests were
flattened; however, we also present surface energies
for collapsed tubes, as experimental conditions may
favor this metastable configuration (see Figure 5c). The
variation among the results could stem from multiple
sources, which merit a detailed discussion.

GENERAL DISCUSSION

First, it is worth noting how these experimental
results compare to other results reported previously
in the literature for related materials. In addition to
studieswith carbon nanotubes, direct comparisonwith
the surface energy of bulk graphite is also appropriate
based on the analysis described earlier.65,66 There is
some variation in the literature regarding accepted
values for the experimental and theoretical surface
energy of graphite, ranging from 0.035 J 3m

�2 to
0.875 J 3m

�2.61�63,67�73 Some experimental studies
with graphite67,74 report values of 0.19 and 0.33 J 3m

�2.
The results of the in situ SEM peeling tests reported here
are in good agreement with the recent experimental
surface energy studies of these carbon materials. The
experimental scatter falls within the range of other
previously reported experimental values for graphite.
There are several sources of experimental uncertainty

and variability that may have contributed to the varia-
tion in calculated surface energies and deviations from
the average experimental value of γ = 0.26 J 3m

�2

reported earlier.61�63 For example, whileMWCNTs devel-
oped through arc discharge only contain carbonaceous
materials, amorphous carbon ispresent on theoutermost
layers of the tubes (e.g., see Figure 2), either directly from
fabrication or due to induced amorphous carbon deposi-
tion by the electron beam in the SEM chamber. As this
amorphous carbon lacks the well-ordered sp2 bonding
structure of carbon nanotubes and graphene surfaces, it
may introduce additional interactions beyond what
would be expected for idealized peeling between atom-
ically smooth graphitic surfaces.56

Another source of scatter in the measured sur-
face energy might be the roughness of the graphene
surface. As shown in Figure 3, because of the different

TABLE 1. Experimental Measurements and Calculated Surface Energy Values For Graphene-on-Copper and HOPG

Substrates

substrate tube no. test no.

peel angle,

θ [deg]

force,

F [nN]

outer

diameter [nm]

number of

walls

adhesion energy,

G (nJ 3m
�1)

collapsed

contact width,

w [nm]

flattened

contact width,

w [nm]

collapsed surface

energy, γ [J 3m
�2]

flattened surface

energy, γ [J 3m
�2]

graphene 1 1 66 14 30 37 8.3 ( 1.9 15.8 8.6 0.26 ( 0.08 0.48 ( 0.19
graphene 1 2 58 15 30 37 7.1 ( 1.8 15.8 8.6 0.22 ( 0.07 0.41 ( 0.17
graphene 1 2 56 13 30 37 5.6 ( 1.3 15.8 8.6 0.18 ( 0.05 0.33 ( 0.13
graphene 2 1 66 9 20 22 5.5 ( 1.1 13.5 7.7 0.20 ( 0.06 0.36 ( 0.14
graphene 3 1 68 2 19 21 1.2 ( 0.7 13.3 7.6 0.05 ( 0.03 0.08 ( 0.06
graphene 3 1 61 16 19 21 8.0 ( 1.5 13.3 7.6 0.30 ( 0.08 0.53 ( 0.20
HOPG 4 1 69 12 21 24 7.6 ( 1.2 13.8 7.7 0.27 ( 0.08 0.49 ( 0.19
HOPG 5 1 49 10 21 24 3.5 ( 0.6 13.8 7.7 0.13 ( 0.04 0.23 ( 0.09
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thermal expansion properties of the copper foil and
graphene membrane, the substrate exhibits some
wavy regions after processing.41,75�77 The rippled
graphene will inherently affect the contact area at
the interface. While limitations in SEM resolution pre-
vent highly precise in situ characterization of peeling
surfaces, deviations in surface roughnessmay also con-
tribute to the measured surface energy.
The presence of molecules such as water in the SEM

chamber may also affect the surface energy measured
in this study. While in situ SEM tests were conducted
in stable vacuum (∼10�5 Torr), and tests were not
performed until the tubes and graphene were in the
vacuum for at least 2 h, molecules such as water may
remain on both the carbon nanotube and graphene
surfaces. When the surfaces come into contact, mol-
ecules on each surface may interact with one another
and introduce additional interaction energy contribu-
tions. However, even if it were possible to conduct
these tests in higher vacuum, this would present other
challenges. For example, the time required for cutting
the tubes during sample preparation would increase,78

resulting in additional exposure of the CNT to the
electron beam. The combinations of voltage and cur-
rent conditions used during peeling and tube cutting
in this study (see the Methods section), as well as
the equilibration pressure conditions, reflect attempts
to establish a compromise among the factors thatmust
be considered in in situ SEM experiments.
Another experimental aspect to be discussed is

the fact that the first tube was peeled multiple times.
It could be argued that structural deformations at the
atomic level may have formed after repeated peeling.
Limitations in SEM resolution prevent investigations at
this scale. However, the tubemaintaineda straight profile
before and after testing, and the surface energy of the
tube�graphene interface is consistent among the peel-
ing tests. These observations suggest that any atomic-
scale deformations did not significantly affect the surface
energy values in this case. Nevertheless, the ideal study
incorporating this method would only perform one peel
test per tube to avoid this issue in the future.
Ultimately, this novel method enables direct visua-

lization of peeling forces and displacements and pro-
vides substantial insights into MWCNT peeling behavior
through direct integration of experiments and simula-
tions. Although the primary substrate of interest in the
current study is graphene-on-copper, the results from
peels performed on HOPG are in good agreement with
the former, and the values obtained with bothmethods
compare favorably with the theoretical surface energy
of graphite. These results with two distinct substrates

further support the claim that this method is capable of
experimentally ascertaining adhesion energies and sur-
faceenergies. In addition, the consistencybetweeneach
set of experimental results and the theoretical graphite
surface energy suggests that bothmonolayer graphene
and HOPG can be used as baseline substrates for
evaluating the changes in surface energy associated
with chemical functionalization.

CONCLUDING REMARKS

Here we report a new method for quantifying
the surface energy of bare CNT�graphene interfaces
through in situ SEM peeling experiments, which is
combined with molecular mechanics and FEA simula-
tions. Novel features of the method include direct
visualization of the peeling and the estimation of
contact width through detailed atomistic simulation,
which allows the calculation of surface energy using
fracture mechanics concepts. Average values of 0.20(
0.09 J 3m

�2 and 0.36 ( 0.16 J 3m
�2 for the surface

energy of bare CNT�graphene surfaces were mea-
sured, depending on the assumptions made for the
tube conformation during peeling. Both estimates of
the surface energy agree with the average experimen-
tal value of 0.26 J 3m

�2 within the stated uncertainties.
Potential reasons for variation including amorphous
carbon interactions, molecules such as water on the
graphitic surfaces, and substrate surface roughness are
discussed.
The combination of experimental and computa-

tional studies in this work provides a foundation for
understanding the interactions that occur between
materials at the nanometer length scale. By investigat-
ing the behavior of these nanoscale building blocks,
we aim to provide direction for enhancing surface
interactions, for example, tube�tube, within larger-
scale carbon-based yarns, and composites.
In addition to experimentally measuring the sur-

face energy of bare tubes and graphene, this ap-
proach is also envisioned as a means of quantifying
the changes in surface energy associated with che-
mical functionalization. Chemical cross-linking be-
tween nanoscale constituents could lead to the
development of strong, lightweight yarns derived
from CNTs, graphene, and other carbonmaterials that
would be appealing for many potential applica-
tions, including next-generation textiles and artificial
muscles.1 The method presented here may serve as a
test bed for a variety of chemistries in nanoscale
peeling, providing a foundation for improving the
mechanical performance of carbon-based materials
from the bottom up.

METHODS

Materials. As-producedarc-dischargemultiwalled carbonnano-
tubes (nTec) are used in this study because of their well-ordered

structure, high-purity carbon content, and excellent mechanical
properties as compared to tubes grown by chemical vapor depo-
sition.12 Geometries of representative MWCNTs are measured
using high resolution TEM (JEOL 2100F). The primary substrate in
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the peeling test is a mostly monolayer CVD-grown graphene
on copper foil (Graphene Supermarket) analyzed using AFM
(XE-120, Park Systems Corp.) and Raman spectroscopy (HR800,
Horiba Jobin Yvon). Freshly cleaved HOPG (SPI) was also used as
an additional graphitic substrate for validation.

Experimental Methods. The tests described here are carried out
in an FEI NovaNano 600 SEM. Before testing, the SEM chamber
is cleaned with oxygen plasma for at least 1 h to minimize
sample contamination. MWCNTs are brushed onto a cut copper
TEM grid and placed in the chamber together with a vertically
oriented strip of graphene on copper. High-resolution pictures
of selected MWCNTs are taken such that their diameters can be
estimated by averaging, overmultiple cross-sectional line scans,
and calculating the full width at half-maximumof the average of
the scans. For a given tube, an AFM cantilever (MikroMasch) of
known stiffness is brought into contact with a danglingMWCNT
using a nanomanipulator (Klocke). When the CNT is pulled taut,
as determined from tube straightening, the CNT is cut with the
electron beam at low voltage (5 kV) and high current (1.8 nA)
based on established CNT cutting protocols.78 All other manip-
ulation of the samples takes place under high voltage (30 kV)
and low current (∼0.1 nA) in order to reduce amorphous
carbon deposition and potential damage to the specimens.78

After cutting, the MWCNT is welded to the surface of the AFM
cantilever with electron beam-induced deposition of amorphous
carbon at high magnification (∼300 000�) for approximately
5 min. The length and orientation of the tube are recorded from
images after this deposition to serve as a reference for checking
whether any observable deformation of the tubes occurs after
testing. The graphene surface is inspected to identify a flat
location for placement of the CNT such that it will not interact
with any visible imperfections. The graphene surface is rotated
(approximately 30 degrees with respect to the cantilever arm) in
order to promote peeling at low angles, reducing the likelihood
of inducing structural changes in CNTs due to sharp bends
and kinks.79 In a given test, the force, F, is measured by digital
image correlation of cantilever displacement including correc-
tion for cantilever drift. The offset angle, R, is measured directly
from digital images in the frame before peeling.

Uncertainty Analysis. The analysis is based on uncertainties in
the terms of the classical peeling formula developed by Kendall,
eq 1. Experimental results indicated that the second term on the
right-hand side of the equation, associated with strain energy,
is much smaller than the other two terms in all tests. Conse-
quently, uncertainty in strain energy is neglected for the
purposes of this analysis.

The force F applied to the CNT during testing is measured as

F ¼ kδ

cos(R)
(18)

where k is the AFM cantilever stiffness, δ is the cantilever
deflection, and R is the offset angle of the tube. The cantilever
stiffness is given by

k ¼ Ecwctc
3

4Lc3
(19)

where Ec,wc, tc, and Lc are the elastic modulus, width, thickness,
and length of the cantilever, respectively. Ec is taken to be 169
GPa based on the established value for silicon in the Æ110æ
directions, in accordance with AFM cantilever manufacturing
conditions.80

By rearranging eq 1 for surface energy γ and substituting
eqs 18 and 19, the experimental uncertainty can be estimated by
the square root of the sum of squared errors (see, e.g., ref 81) as

Δγ

γ
¼ (

Δw

w

� �2

þ Δδ

δ

� �2

þ Δwc

wc

� �2

þ 3
Δtc
tc

� �2

þ 3
ΔLc
Lc

� �2

þ cot
θ

2

� �
Δθ

 !2

þ(tan(R)ΔR)2)1=2 (20)

Among these components of uncertainty, the largest factor in
any test is either uncertainty in contactwidth,w, or displacement,
δ. To estimate uncertainty in adhesion energy, G, the same
formula is used excluding the term for contact width.

The uncertainty in contact width arises from two features:
the uncertainty in the number of walls of each MWCNT used
for peeling, and the uncertainty in themeasured outer diameter
of eachMWCNT. First, the outer diameters and numbers of walls
of 20 arc discharge MWCNTs were measured using HR-TEM,
which provide a statistical measure of the number of walls for a
given tube diameter. Figure S1 (in the Supporting Information)
shows the number of walls corresponding to each of the 20
tubes as measured from HR-TEM images. A linear best-fit inter-
polation is applied to estimate the number of walls correspond-
ing to tubes of different diameters. For this sample of data
points, the standard error of the estimate, s, is calculated to be
∼2.7 from the variation between the linear fit and the experi-
mental points. The parameter s is then rounded up to an integer
number of walls, s0 =3, to provide a conservative estimate of this
standard error over all diameters. An envelope (shaded region)
is then defined to account for the tubeswithin(1s0 , as shown in
Supporting Information, Figure S1.

Second, the outer diameter of each MWCNT used in testing
is measured directly from SEM images. The outer diameter
is measured by calculating the full width at half-maximum of
brightness profiles corresponding to line scans across the long-
itudinal axis of the tube. Uncertainty in diameter associatedwith
using this procedure is also incorporated into the total uncer-
tainty in contact width. An uncertainty of (1.5 nm (1/2 pixel)
is assigned to tubes 2 and 3, while an uncertainty of (2.9 nm
(1 pixel) is assigned to tube 1 due to lower image quality.

The diameter and number of walls are then incorporated
directly into the contact width formula derived from molecular
mechanics simulations. For uncertainty considerations, two
extremes are evaluated for each tube: the maximum diameter
with the fewest number of walls, corresponding to a maximum
contact width for a given tube, and theminimum diameter with
the largest number of walls, corresponding to the minimum
contact width for a given tube. The largest difference associated
with these two extremes is taken as Δw.

Variation in displacement, δ, is taken as the difference
between deflections measured by digital image correlation
tracking two separate regions of the cantilever during each
test, which should provide equivalent displacements. In the
event of an exactmatch between the twomeasured deflections,
an error of(1 pixel is assigned to reflect limitations in resolution
of the digital image correlation software. Three independent
experiments were conducted in which an AFM cantilever
(extending from a nanomanipulator) and a TEM grid attached
to the SEM stage were placed within the same viewing window
and observed for several minutes (i.e., much longer than any
individual peeling test). The results of these experiments in-
dicated that AFM cantilever drift was linear with respect to time,
while drift in stage position over time was negligible. Having
established a basis for characterizing the cantilever drift as
linear, the effect of drift on total displacement was determined
and incorporated on a test-by-test basis, not by assuming a
global rate of drift over all tests. Consequently, cantilever drift is
accounted for by incorporating a linear estimate of drift con-
tribution to displacement when reporting δ values in this study.

Variations in cantilever width wc and cantilever thickness tc
are taken as the standard deviation of nine measurements of
each of these values from SEM images. Uncertainty in cantilever
length Lc is taken to be the same as the uncertainty in thickness
associated with each cantilever. Deviations in θ and R are taken
to be (2.5 degrees based on standard deviations of angles
measured in a representative SEM image of a MWCNT. All vari-
ations in angle are assumed to be planar, as changes in out-of-
plane orientation cannot bemeasured due to limitations in SEM
depth of focus.

Typical experimental uncertainty values in surface energy
associated with the assumptions presented here and incorpo-
rated into eq 20were approximately 30%assuming the collapsed
configuration and 40% assuming the flattened configuration.
For adhesion energy, experimental uncertainty was approxi-
mately 20%.

Boundary Box Size Optimization Protocol for Atomistic Simulations.
The graphene layer and zigzag (383,0) SWCNT were generated
with VMD.82 The (383,0) SWCNT was chosen to match the tube
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diameter to experiments. Hydrogen atoms were added to the
two graphene edges that are nonperiodic. Each structure was
aligned in such a way that the periodic direction is always
aligned with the x-axis of the simulation cell. The box y- and
z-dimensions were set equal to 800 Å. The cell length along
the periodic boundary was varied between 32 Å and 32.6 Å. For
each such length the MWCNT (or graphene) structure was
allowed to move until the total potential energy reached its
minimum value. Final values were plotted as a function of the
cell length (see Supporting Information, Figure S2).

The cell length associated with the energy minimum was
assigned as the optimum longitudinal boundary. We assumed
that the interaction of graphene with the copper foil prevents
dramatic structural changes in graphene while it interacts
with the CNT. Therefore, the optimum longitudinal cell length
in this study was chosen equal to that from the graphene curve
(32.2991 Å).

Parameterization for Fully Collapsed Structures. To obtain the
collapsed configurations, the tubes were deformed by applying
displacements to selected atoms, which tended to induce
collapse. At each step, the configurations of the tubeswere opti-
mized for the given displacement constraints. After the inner
interwall distance reached 3.4 Å, all constraints were released,
and full relaxations of the structures on the graphene sur-
face were performed. For tubes with small diameters or large
numbers of walls, the deformed configurations returned to
nearly cylindrical shapes (see example on Supporting Informa-
tion, Figure S3). Only fully collapsed final configurations were
used to parametrize the contact width formula (see eq 9).

Parameterization for Flattened Structures. The differences in
contact widths between fully collapsed and flattened structures
of the same outer diameter and number ofwalls can be approxi-
mated as a function of the heights of the flattened tubes. As
shown in Supporting Information, Figure S5 and the inset
of Figure S6, the heights of flattened tubes increase with
diameter and then reach saturation beyond certain diameter
values. The increases are linear. The deviations from linearity
and subsequent saturations can be described using exponential
growth functions (colored lines on Figure S6). Linear fitting of
data for tubes with one to eight walls led to eqs 12�14.

We used exponential switch functions (see eq 11) to achieve
smooth transitions from the linear to exponential regions.
The switch points were located at the points of deviation
from linearity. The values for deviation points were fit with
a linear equation, which suggested the 8N term. Good fits
for the curviness of the transition were produced using 1/N.
This suggested the equation

height ¼ (1 � H(x))DþH(x) Aþ B exp
�D

C

� � !
(21)

for the saturation height shown in Supporting Information,
Figure S6. Fitted lines are shown along with the original data
points. The heights of the flattened tubes from eq 21were used to
produce equations for contact width differences (Wcorr) between
corresponding flattened and collapsed tubes. On the basis of the
data, we found that the Wcorr to height ratio was strongly depen-
dent on N. This is because N defines the susceptibility of a tube
to radial deformation and, therefore, its height. After correcting
for this, we established a linear relationship by plotting 1/N as a
function of Wcorr/(height � N). The result was eq 10. We esti-
mate that the error associated with the model is þ3.769 nm and
�0.403nm, basedondeviations of themodel from thedata points.

There are also other sources of uncertainty associated with
the theoretical estimates for the contact widths. MM3 is con-
sidered to be among the best force fields for this type
of problem. However, it is not expected to predict exact results.
Also, due to computational limitations, the training sets for
our fitting (see Supporting Information, Figures S3, S6, and S7)
are quite far from the experimental estimates for tube sizes.
Thus, although good fits were achieved, such extrapolations
are always associated with uncertainty. Better estimates may be
available via the next generation of supercomputers.
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