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External and internal wetting of carbon nanotubes with organic liquids
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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 This was used to fully characterize the wetting behavior of a
closed (cappedl multiwalled carbon nanotubéMWCNT).
Carbon nanotubes have shown potential as a reinforcinglere, we extend the previous work to examine the wetting
phase in polymer composites due to the excellent mechanicaroperties of open carbon nanotubes of varying diameter,
properties of the tube’s almost perfect, defect-free carboearing in mind that internal wetting of open nanotubes
structure! For effective reinforcement of a polymer during could provide a mechanism for enhancing the interfacial
mechanical loading, stress is to be transferred from the mastrength.
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 The MWCNTSs used throughout this work were from Sun
acknowledged to be a requirement for good adh«_e%wmne Nanotech Co. Ltd., China. Purification of the nanotubes was
wetting of microscopic fibers has been investigated for a4yried out by refluxing the nanotubes in dilute nitric acid for
number of years, carbon nanotubes present further challengeg n,, followed by oven drying. The resultant purified nano-

due to their size. o _ tubes were free of metal catalyst particles with the acid treat-
Contact angle measurements of liquid droplets on fibegyent also causing mild oxidation of the nanotube. TEM mi-

surfaces can be used to characterize the wetting behavior gfographs in Fig. 1 show the acid treatment results in

the fiber using optical microscopy. However, the resolutiongpening of the ends of the nanotubes. Purified nanotubes
required to observe droplets on carbon nanotubes requirggere attached to the tip of an atomic force microscope

electron microscopy techniques. Recent woklas shown (AFM) cantilever using a previous meth&tiit was found

that liquid water can be successfully imaged within & carboRnat short or badly aligned nanotubes attached to the AFM tip
nanotube using transmission electron microse@iM). Al- - could not be used for wetting studies because of a tendency
though the study revealed qualitatively that water appears gy the probe liquid to wet both the nanotube and the silicon

wet the interior of the carbon nanotube, using a relativelytin and cantilever. Therefore, nanotubes with a length ex-

high vapor pressure liquid in the high vacuum conditions Ofceeding 1um and a range of diameters of 20, 40, and 60 nm
a TEM chamber gives rise to uncertainties in the wettingyere selected.

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 nanocomposite§ 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 hanome-
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: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
(SFM).° The application of a Wilhelmy force balance on the
partially immersed nanotube can then be used to calculate FIG. 1. TEM micrographs of typical CVD powder showing an
the liquid equilibrium contact angle on the nanotube surfaceopening of MWCNTSs due to chemical treatments.

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

Ill. 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, Fneasured in our
experiments from the cantilever bending, to the contact angle

FIG. 2. ESEM micrograph of a MWCNT contacting a liquid of the liquid on a solid cylindrical surface. Therefore, when
surface. the surface tension acting on the outer surface of the nano-
tube, K is the only liquid force acting on the tube, then

Each nanotube-AFM probe was lowered separately intdr=Fout 2nd
liquids of polyethylene-glycol, glycerol, and water using an
SFM (NT-MDT, Russia. These liquids were used so that the

wetting pehavior between carbon nanotubes anq liquids Witbvherew is the liquid surface tensiong is the outer nano-

a relatively large range of surface tension valuesype diameter, ané,, is the contact angle of the liquid with
(48.3 mJm? 64.0 mJm?, and 72.8 mJ nt for PEG, glyc-  the nanotube surface. It should also be noted that(Eg.
erol, and water, respectivélycould be evaluated. Each lig- which originates from macroscopic wetting behavior, is not
uid is also mutually soluble within the other, thus any liquid gpyiously valid at the nanolevel. In particular, line tension
residues on the nanotube surface would not affect furthegffects have been suggested to modify the contact angle of
wetting experiments when using another liquid. Lowering ofsmall liquid volumes on surfacé3.Previous experiment$

the nanotube-AFM probe was performed using a nonconta¢aye measured the contact angles of micron-sized and nano-
AFM mode until the magnitude of the oscillation signal sjzed alkane droplets partially wetting a chemically treated
dropped by approximately 30%, indicating a close proximitysilicon substrate. This work found that surface heterogene-
of the tip to the liquid surface. The probe modulation wasities, andnotline-tension effects, were responsible for differ-
then disabled and the nanotube-AFM probe moved slowlances in contact angle values. Previous experimental evalu-
toward the liquid surface using the AFM z-piezo while moni- ation of contact angles for liquids on 20 nm diam nanotube
toring the cantilever deflection signal. An abrupt change insurfacegsuccessfu"y used E@1), showing good agreement
the deflection signal indicated that the nanotube had beegith theoretical workd Therefore, based on these previous
partially pulled into the liquid due to the wetting forces be- stydies, we assume that Ed) will hold for the dimensions
tween the tube and liquid. This was observed for all of thegf nanotubes used within this work.

liquids with all of the nanotubes, which is qualitative proof  \yhen open nanotubes contact a liquid surface, internal
that carbon nanotubes are at least partially wetted by th@etting of the open tube must be considered. This internal
organic liquids and have hydrophilic characteristics, in conyetting force, F,, due to the liquid surface tension acting on

trast to the general hydrophobic behavior of grapHitehe  the nanotube interior surface and pulling the nanotube into
deflection signal was converted to force after measuring théne |iquid also takes the form of E¢l), thus

spring constant of each cantilever used employing the Sader
method!? Fin = y,mdi, COS6;,, (2

The liquid-NT contact was independently visualized by ) . )
contacting bundles of MWCNTs with liquids in an environ- where g, is the internal carbon nanotube diameter @pds
mental scanning electron microscofESEM, XL-30, Phil- the internal liquid c_ontgc_t angle. '_I'he_ tote_ll force acfung on the
ips). An example of this is given in Fig. 2, which shows a _nanotube and pulling it into the I|qU|q will be domln_ated by
single MWCNT from a nanotube bundle contacting a g|yco||nternal a_nd extgrnal nanotube wettlng. The_ res}ormg force,
liquid surface. This highlights how the nanotube is wetted by associated with the AFM cantilever bending is equal but
the liquid and no bending of the tube occurs at this liquid®PPOSite to the sum of all of the weiting forces due to the
surface. Each nanotube-AFM probe was left in a given liquig?ction of the liquid on the nanotube, giving
for 10 s. During this time, the cantilever deflection signal E=FE +F 3)
remained constant. This indicates that equilibrium conditions ro Tout” Tin:
were reached rapidly and no dynamic events, such as substituting Eqs(1) and(2) into Eq. (3) gives
change in the contact angle which would affect the wetting
forces acting on the nanotube, occurred within this time in- Fr = yemm(dgy: COSOgyi + diy COSE:y). (4)

Fout= Yemdoy: COS Oy, (1)
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FIG. 3. Immersion and removal of individual CVD grown nano-  FIG. 5. Plot of cog,, calculated from Eq(1) against the type
tubes, in this case CVD-20 MWCNTs, from various probe liquids. ©f hanotube used during wetting experiments.

angles are listed in Table I, and show similar trends to pre-
vious work? i.e., increasingly polar liquids give progres-
The partial immersion and removal of individual nano- sively larger contact angles on the nanotube surface. The
tubes from the three differing probe liquids is monitored bycarbon nanotubes used in this study, grown by CVD meth-
measuring the cantilever deflection signal. Typical forces actods, are high in defects as highlighted by their irregular wall
ing on individual nanotubes during the immersion and re-structure shown in the TEM micrograph in Fig. 1. From Fig.
moval process are shown in Fig. 3. The far left of each plo® and Table I, the wetting angle with PEG becomes progres-
shows the forcéF,) acting on the nanotube when the latter is sively smaller as the nanotube diameter increases. This trend
partially immersed in the liquid. This force is constant due tois also exhibited with glycerol as a probe liquid. For the
the wetted nanotube being in equilibrium with the liquid, andlargest nanotube diamete(60 nm), the PEG and glycerol
the magnitude of FAs indicated by the arrows shown in Fig. wetting angles are significantly smaller than the contact
3. Removal of the nanotube results in an increase in the forcangles measured for arc-discharge grown nanotfiésch
acting on the nanotube. This force continues to increase untilave a more regular structure. This indicates that possible
the nanotube is fully removed from the liquid and the forcehigh-energy defect sites are responsible for enhanced wetting
acting on the nanotube then falls to zero. The forgcalé&  for the higher defect density CVD grown nanotubes, com-
pends on the nanotube diameter, as shown in Fig. 4, angared to arc-discharge grown nanotubesdeed, classical
generally increases with the diameter, in agreement with Egvork by Wenzel® shows how liquid contact angles decrease
(2). on roughened surfaces, i.e., more surface defects introduced
The contact angles between carbon nanotubes and ttie the surface. Since the total number of defects at the nano-
probe liquid can be calculated from E@) using the mea- tube surface will also increase as the nanotube diameter in-
sured forces shown in Fig. 4. As E@.) considers wetting of
the external nanotube surface only, a plot can be made of the TABLE I. Measured contact angles for nanotubes of various
external wetting angle for the various liquids used againstliameters partially wetted by differing organic probe liquids. Note
nanotube diametgiFig. 5. In addition, the average wetting that the ranges of wetting angles for water calculated from(&q.
using the limit of6,,, for water must be larger thafy,, for glycerol.
Note: an asterisk denotes “assumed.” See text.

IV. RESULTS AND DISCUSSION
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FIG. 4. Plot of force acting on a nanotube during partial immer- 60 >57" 0-104

sion (F,) in various liquids at equilibrium.
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creases, the wetting properties of CVD grown nanotubes will — 200 — y

be governed by the number of defects at the nanotube sur- §’ 180

face. Thus, carbon nanotubes with large diameters, contain- =160}

ing a high number of surface defects, will give smaller liquid o 140p

contact angles when compared to thinner nanotubes. This g 120

explanation is further supported when comparing contact g 100} 1

angles in this work with previous contact angles on arc- £ 8o} 1

discharge grown carbon nanotulfes. 8 eof 1
Water presents problems when calculating contact angles T 40f .

using the same methods as for PEG and glycerol. The forces g 20} 1

acting on the nanotube during partial immersion in water are £ of . . ) - .

insufficiently described using Ed1). This is evident from [} 20 40 60 80 100

the plot in Fig. 5 as the cosvalues for water are either very External contact angle 8_, (deg)

close to 1, indicating that water spontaneously wets the outer o _ _

surface of a nanotube with a contact angle ofdeg (in FIG. 6. Variation of internal contact angt, with external con-

contrast to previous wofk or are unphysical for cog>1.  tact angledo, using Eq.(4).

A simple way to resolve this issue is to consider that the

wetted perimeter must be larger than just the outer perimetdhe external contact angle generally decreases as the nano-
considered in Eq(1). This can occur if there is significant tube diameter gets larger. This would indicate that, as well as
wetting of the inner nanotube, a phenomenon that has beddifferences in wetting behavior between external and internal
previously observed for multiwalled nanotubesnd more  surfaces, the surface wetting properties are dependent on the
recently for carbon nanopipEasing electron microscopy as curvature, or diameter, of the nanotube itself. In contrast to
well as being predicted from simulation wolkWe therefore ~ external nanotube wetting, internal wetting with water is
assume that the forces acting on the nanotube result from ttrgore favorable as the nanotube diameter decreases, although
liquid surface tension at both the external and internal surthe internal wetting of relatively large nanotube diameters is
faces of the nanotube. Therefore, a plot can be madg,pf more difficult to evaluate from this work due to the large
againsté,, (Fig. 6) using Eq.(4) and the(constankforce(F,)  variability [0-104(deg] in the calculateds,, values (see
acting on the nanotube in water, taken from Fig. 4. The ratid=ig. 6).

of the outer nanotube diameter to inner nanotube diameter is

taken to be 2.6:0.4):1, based on TEM pictures of the nano- V. CONCLUSIONS

tubes (Fig. 1). Equation(4) possesses two unknowng,

and 6,,, and only the force is a measurable quantity. Since itna
is knowr? that the contact angle of water on the outer nano
tube surface is larger than the glycerol contact angle, a ran
of internal contact angles can be produced for water at ea
diameter, as in Table I.

Wetting experiments were performed with single carbon
notubes and various organic liquids. A Wilhelmy force bal-
ance method was used to determine the external wetting
gles of these nanotubes with PEG and glycol. Since nano-
ubes with larger diameters have a higher defect density on
These results show that the forces pulling open Carbothe external surface,_ these angles are found to depend on the
. L . Rxternal nanotube diameter. In water, the wetting forces act-
nanotubes into a liquid increase dras_tlcally for_ water Wh.er]ng on a nanotube are dominated more by the contribution
compared with PEG or glycerol. The increase in the puII"nfrom internal wetting. These internal contact angles are gen-

fo.rce is attributed to internal wetting with the water only, rally smaller than external contact angles for various nano-
with the resultant calculated contact angles indicating th Ube diameters

internal nanotube wetting with water is more favorable than

wetting of the exter_nal surface. This d|ff_erence in mternal ACKNOWLEDGMENTS
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