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Individual multiwalled carbon nanotubes were controllably wetted by polyethylene glycol, glycerol, and
water. A Wilhelmy force balance approach was used to calculate contact angles at the nanotube-polyethylene
glycol and nanotube-glycerol interfaces, allowing examination of the contact angle dependence on the nano-
tube diameter. Water, however, exhibited a significantly larger interaction with the nanotube, which could only
be explained by allowing for internal wetting of the open carbon nanotube structure. This internal wetting angle
is smaller than the external one.
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I. INTRODUCTION

Carbon nanotubes have shown potential as a reinforcing
phase in polymer composites due to the excellent mechanical
properties of the tube’s almost perfect, defect-free carbon
structure.1 For effective reinforcement of a polymer during
mechanical loading, stress is to be transferred from the ma-
trix to the nanotube through the interface. Interfacial adhe-
sion is required to be strong enough to allow this transfer of
stress, and arises from a variety of mechanisms. Wetting of
the reinforcement by the liquid polymer has been widely
acknowledged to be a requirement for good adhesion.2 While
wetting of microscopic fibers has been investigated for a
number of years, carbon nanotubes present further challenges
due to their size.

Contact angle measurements of liquid droplets on fiber
surfaces can be used to characterize the wetting behavior of
the fiber using optical microscopy. However, the resolution
required to observe droplets on carbon nanotubes requires
electron microscopy techniques. Recent work3 has shown
that liquid water can be successfully imaged within a carbon
nanotube using transmission electron microscopysTEMd. Al-
though the study revealed qualitatively that water appears to
wet the interior of the carbon nanotube, using a relatively
high vapor pressure liquid in the high vacuum conditions of
a TEM chamber gives rise to uncertainties in the wetting
behavior, since the liquid tends to evaporate. Further experi-
mental work has also been qualitative in nature and comes
almost exclusively from observations of polymer contact
angles from polymer nanocomposites.4–6 These studies show
a small polymer contact angle on the nanotube surface, indi-
cating that the nanotubes are indeed easily wetted by the
polymer matrix. This also corresponds well with nanome-
chanical tests of individual nanotube-polymer interfaces,
where the interfacial strength in a MWCNT-epoxy and
MWCNT-polyethylene-butene system was shown to be
substantial.7,8

Recently, we have shown that liquid contact angles with
carbon nanotubes can be successfully measured in air by
recording wetting forces in a scanning force microscope
sSFMd.9 The application of a Wilhelmy force balance on the
partially immersed nanotube can then be used to calculate
the liquid equilibrium contact angle on the nanotube surface.

This was used to fully characterize the wetting behavior of a
closed scappedd multiwalled carbon nanotubesMWCNTd.
Here, we extend the previous work to examine the wetting
properties of open carbon nanotubes of varying diameter,
bearing in mind that internal wetting of open nanotubes
could provide a mechanism for enhancing the interfacial
strength.

II. EXPERIMENT

The MWCNTs used throughout this work were from Sun
Nanotech Co. Ltd., China. Purification of the nanotubes was
carried out by refluxing the nanotubes in dilute nitric acid for
18 h, followed by oven drying. The resultant purified nano-
tubes were free of metal catalyst particles with the acid treat-
ment also causing mild oxidation of the nanotube. TEM mi-
crographs in Fig. 1 show the acid treatment results in
opening of the ends of the nanotubes. Purified nanotubes
were attached to the tip of an atomic force microscope
sAFMd cantilever using a previous method.10 It was found
that short or badly aligned nanotubes attached to the AFM tip
could not be used for wetting studies because of a tendency
for the probe liquid to wet both the nanotube and the silicon
tip and cantilever. Therefore, nanotubes with a length ex-
ceeding 1mm and a range of diameters of 20, 40, and 60 nm
were selected.

FIG. 1. TEM micrographs of typical CVD powder showing an
opening of MWCNTs due to chemical treatments.
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Each nanotube-AFM probe was lowered separately into
liquids of polyethylene-glycol, glycerol, and water using an
SFM sNT-MDT, Russiad. These liquids were used so that the
wetting behavior between carbon nanotubes and liquids with
a relatively large range of surface tension values
s48.3 mJ m−2, 64.0 mJ m−2, and 72.8 mJ m−2 for PEG, glyc-
erol, and water, respectively9d could be evaluated. Each liq-
uid is also mutually soluble within the other, thus any liquid
residues on the nanotube surface would not affect further
wetting experiments when using another liquid. Lowering of
the nanotube-AFM probe was performed using a noncontact
AFM mode until the magnitude of the oscillation signal
dropped by approximately 30%, indicating a close proximity
of the tip to the liquid surface. The probe modulation was
then disabled and the nanotube-AFM probe moved slowly
toward the liquid surface using the AFM z-piezo while moni-
toring the cantilever deflection signal. An abrupt change in
the deflection signal indicated that the nanotube had been
partially pulled into the liquid due to the wetting forces be-
tween the tube and liquid. This was observed for all of the
liquids with all of the nanotubes, which is qualitative proof
that carbon nanotubes are at least partially wetted by the
organic liquids and have hydrophilic characteristics, in con-
trast to the general hydrophobic behavior of graphite.11 The
deflection signal was converted to force after measuring the
spring constant of each cantilever used employing the Sader
method.12

The liquid-NT contact was independently visualized by
contacting bundles of MWCNTs with liquids in an environ-
mental scanning electron microscopesESEM, XL-30, Phil-
ipsd. An example of this is given in Fig. 2, which shows a
single MWCNT from a nanotube bundle contacting a glycol
liquid surface. This highlights how the nanotube is wetted by
the liquid and no bending of the tube occurs at this liquid
surface. Each nanotube-AFM probe was left in a given liquid
for 10 s. During this time, the cantilever deflection signal
remained constant. This indicates that equilibrium conditions
were reached rapidly and no dynamic events, such as a
change in the contact angle which would affect the wetting
forces acting on the nanotube, occurred within this time in-

terval. Subsequent removal of the nanotube-AFM probe was
achieved by retraction of the AFM z-piezo.

III. ANALYSIS

Upon contact with a liquid, the nanotube is pulled into the
liquid but restrained from becoming completely immersed
due to the restoring force of the bent cantilever. Thus, the
bending force was equal but opposite to the attractive forces
applied on the nanotube from the wetting and capillary
forces of the liquid. This force balance has been previously
applied to a number of different geometries, such as fibers or
plates, and is typically known as a Wilhelmy plate or balance
method. In its basic form, the Wilhelmy balance method re-
lates the restoring force at equilibrium Fr, measured in our
experiments from the cantilever bending, to the contact angle
of the liquid on a solid cylindrical surface. Therefore, when
the surface tension acting on the outer surface of the nano-
tube, Fout, is the only liquid force acting on the tube, then
Fr=Fout and

Fout = g,pdout cosuout, s1d

whereg, is the liquid surface tension, dout is the outer nano-
tube diameter, anduout is the contact angle of the liquid with
the nanotube surface. It should also be noted that Eq.s1d,
which originates from macroscopic wetting behavior, is not
obviously valid at the nanolevel. In particular, line tension
effects have been suggested to modify the contact angle of
small liquid volumes on surfaces.13 Previous experiments14

have measured the contact angles of micron-sized and nano-
sized alkane droplets partially wetting a chemically treated
silicon substrate. This work found that surface heterogene-
ities, andnot line-tension effects, were responsible for differ-
ences in contact angle values. Previous experimental evalu-
ation of contact angles for liquids on 20 nm diam nanotube
surfaces9 successfully used Eq.s1d, showing good agreement
with theoretical work.15 Therefore, based on these previous
studies, we assume that Eq.s1d will hold for the dimensions
of nanotubes used within this work.

When open nanotubes contact a liquid surface, internal
wetting of the open tube must be considered. This internal
wetting force, Fin, due to the liquid surface tension acting on
the nanotube interior surface and pulling the nanotube into
the liquid also takes the form of Eq.s1d, thus

Fin = g,pdin cosuin, s2d

where din is the internal carbon nanotube diameter anduin is
the internal liquid contact angle. The total force acting on the
nanotube and pulling it into the liquid will be dominated by
internal and external nanotube wetting. The restoring force,
Fr, associated with the AFM cantilever bending is equal but
opposite to the sum of all of the wetting forces due to the
action of the liquid on the nanotube, giving

Fr = Fout + Fin. s3d

Substituting Eqs.s1d and s2d into Eq. s3d gives

Fr = g,psdout cosuout + din cosuind. s4d

FIG. 2. ESEM micrograph of a MWCNT contacting a liquid
surface.
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IV. RESULTS AND DISCUSSION

The partial immersion and removal of individual nano-
tubes from the three differing probe liquids is monitored by
measuring the cantilever deflection signal. Typical forces act-
ing on individual nanotubes during the immersion and re-
moval process are shown in Fig. 3. The far left of each plot
shows the forcesFrd acting on the nanotube when the latter is
partially immersed in the liquid. This force is constant due to
the wetted nanotube being in equilibrium with the liquid, and
the magnitude of Fr is indicated by the arrows shown in Fig.
3. Removal of the nanotube results in an increase in the force
acting on the nanotube. This force continues to increase until
the nanotube is fully removed from the liquid and the force
acting on the nanotube then falls to zero. The force Fr de-
pends on the nanotube diameter, as shown in Fig. 4, and
generally increases with the diameter, in agreement with Eq.
s1d.

The contact angles between carbon nanotubes and the
probe liquid can be calculated from Eq.s1d using the mea-
sured forces shown in Fig. 4. As Eq.s1d considers wetting of
the external nanotube surface only, a plot can be made of the
external wetting angle for the various liquids used against
nanotube diametersFig. 5d. In addition, the average wetting

angles are listed in Table I, and show similar trends to pre-
vious work,9 i.e., increasingly polar liquids give progres-
sively larger contact angles on the nanotube surface. The
carbon nanotubes used in this study, grown by CVD meth-
ods, are high in defects as highlighted by their irregular wall
structure shown in the TEM micrograph in Fig. 1. From Fig.
5 and Table I, the wetting angle with PEG becomes progres-
sively smaller as the nanotube diameter increases. This trend
is also exhibited with glycerol as a probe liquid. For the
largest nanotube diameterss60 nmd, the PEG and glycerol
wetting angles are significantly smaller than the contact
angles measured for arc-discharge grown nanotubes,9 which
have a more regular structure. This indicates that possible
high-energy defect sites are responsible for enhanced wetting
for the higher defect density CVD grown nanotubes, com-
pared to arc-discharge grown nanotubes.9 Indeed, classical
work by Wenzel16 shows how liquid contact angles decrease
on roughened surfaces, i.e., more surface defects introduced
to the surface. Since the total number of defects at the nano-
tube surface will also increase as the nanotube diameter in-

FIG. 3. Immersion and removal of individual CVD grown nano-
tubes, in this case CVD-20 MWCNTs, from various probe liquids.

FIG. 4. Plot of force acting on a nanotube during partial immer-
sion sFrd in various liquids at equilibrium.

FIG. 5. Plot of cosuout, calculated from Eq.s1d against the type
of nanotube used during wetting experiments.

TABLE I. Measured contact angles for nanotubes of various
diameters partially wetted by differing organic probe liquids. Note
that the ranges of wetting angles for water calculated from Eq.s4d
using the limit ofuout for water must be larger thanuout for glycerol.
Note: an asterisk denotes “assumed.” See text.

Probe
liquid

Nanotube external
diameter

snmd

Contact anglesdegd

External,
uout

Internal,
uin

PEG 20 73±2

40 53±3

60 49±12

Glycerol 20 77±3

40 74±3

60 57±10

Water 20 .77* 0

40 .74* 0–66

60 .57* 0–104
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creases, the wetting properties of CVD grown nanotubes will
be governed by the number of defects at the nanotube sur-
face. Thus, carbon nanotubes with large diameters, contain-
ing a high number of surface defects, will give smaller liquid
contact angles when compared to thinner nanotubes. This
explanation is further supported when comparing contact
angles in this work with previous contact angles on arc-
discharge grown carbon nanotubes.9

Water presents problems when calculating contact angles
using the same methods as for PEG and glycerol. The forces
acting on the nanotube during partial immersion in water are
insufficiently described using Eq.s1d. This is evident from
the plot in Fig. 5 as the cosu values for water are either very
close to 1, indicating that water spontaneously wets the outer
surface of a nanotube with a contact angle of 0sdegd sin
contrast to previous work9d, or are unphysical for cosu.1.
A simple way to resolve this issue is to consider that the
wetted perimeter must be larger than just the outer perimeter
considered in Eq.s1d. This can occur if there is significant
wetting of the inner nanotube, a phenomenon that has been
previously observed for multiwalled nanotubes3 and more
recently for carbon nanopipes17 using electron microscopy as
well as being predicted from simulation work.18 We therefore
assume that the forces acting on the nanotube result from the
liquid surface tension at both the external and internal sur-
faces of the nanotube. Therefore, a plot can be made ofuout
againstuin sFig. 6d using Eq.s4d and thesconstantd force sFrd
acting on the nanotube in water, taken from Fig. 4. The ratio
of the outer nanotube diameter to inner nanotube diameter is
taken to be 2.5s±0.4d :1, based on TEM pictures of the nano-
tubes sFig. 1d. Equations4d possesses two unknowns,uout
anduin, and only the force is a measurable quantity. Since it
is known9 that the contact angle of water on the outer nano-
tube surface is larger than the glycerol contact angle, a range
of internal contact angles can be produced for water at each
diameter, as in Table I.

These results show that the forces pulling open carbon
nanotubes into a liquid increase drastically for water when
compared with PEG or glycerol. The increase in the pull-in
force is attributed to internal wetting with the water only,
with the resultant calculated contact angles indicating that
internal nanotube wetting with water is more favorable than
wetting of the external surface. This difference in internal
versus external wetting for water and no internal wetting for
PEG and glycol indicate that the internal surface properties
of the nanotube surface are markedly different from that of
the outer surface. While it is beyond the scope of this work,
the presence of defects or different surface chemistry inside
the nanotube could all contribute to the observed wetting
behavior.

Our results also show how the nanotube diameter can dic-
tate wetting behavior of the nanotube. For PEG and glycerol,

the external contact angle generally decreases as the nano-
tube diameter gets larger. This would indicate that, as well as
differences in wetting behavior between external and internal
surfaces, the surface wetting properties are dependent on the
curvature, or diameter, of the nanotube itself. In contrast to
external nanotube wetting, internal wetting with water is
more favorable as the nanotube diameter decreases, although
the internal wetting of relatively large nanotube diameters is
more difficult to evaluate from this work due to the large
variability f0–104sdegdg in the calculateduin values ssee
Fig. 6d.

V. CONCLUSIONS

Wetting experiments were performed with single carbon
nanotubes and various organic liquids. A Wilhelmy force bal-
ance method was used to determine the external wetting
angles of these nanotubes with PEG and glycol. Since nano-
tubes with larger diameters have a higher defect density on
the external surface, these angles are found to depend on the
external nanotube diameter. In water, the wetting forces act-
ing on a nanotube are dominated more by the contribution
from internal wetting. These internal contact angles are gen-
erally smaller than external contact angles for various nano-
tube diameters.
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FIG. 6. Variation of internal contact angleuin with external con-
tact angleuout using Eq.s4d.
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