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C
NT films and electrodes both with
and without surface modification
have been produced in numerous

ways, including directed growth from a
catalyst substrate,1 drop casting,2 vacuum
deposition,3 vacuum decomposition of sili-
con carbide,4 electrodeposition,5 hydro-
entangling,6 Langmuir�Blodgett mono-
layer deposition,7,8 and inkjet printing.9,10

The properties of CNT films strongly depend
on the nanotube quality and the processing
methods employed. Each technique has its
own advantages in terms of production,
alignment, throughput, and applications.
For example, vacuum filtration has been
used to yield conductive CNT films showing
nearly complete transparency in the visible
spectrum and voltage-dependent transpar-
ency in the infrared range.3 Hydroentangle-
ment of CNT can be used to improve
Young's modulus, creep resistance, conduc-
tivity, and reversible charge storage capacity.6

The functionality of CNT films can be further
extended by incorporating a polymer coat-
ing: Lau et al. showed that a CNT forest
produced by guided growth and coated
with a hydrophobic polymer had superhy-
drophobic properties.11

Free-standing CNT films, often referred to
as buckypaper, show exceptional mechan-
ical and electrical properties.12 One draw-
back of buckypaper and similar CNT-based
films is, however, that once CNTs are aggre-
gated, the pore size of the paper is fixed,
thus limiting the options for further functio-
nalization. In some cases it is possible to
further constrict pore sizes to tailor proper-
ties. For instance, mechanically confined
and stressedCNTfilms show interestingprop-
erties like uniform relaxation; regular corru-
gated patterns can thus be achieved.13,14

Solvent evaporation from isolated islands of
CNT forests has been used to collapse them
into a bell shape with an increased packing
density and volume-specific capacitance.15

Widening the pore size of buckypaper, on the
other hand, is not possible using such techni-
ques. CNT forests do allow ample space be-
tween the CNTs. However, in this case, CNTs
are completely separated from each other
and the membranes are not free-standing or
have lowmechanical properties. It is attractive
to fabricate free-standing CNT paper with
separated CNTs and tunable pore size. The
latter would allow easy functionalization and
infiltration of proteins, polymers, ions, etc. to
the paper for various applications such as
electrochemical devices and sensors.
Hereinwedemonstrate thatwecanachieve

this goal using polymer single crystal
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ABSTRACT

Herein we report fabrication of uniform, free-standing nanohybrid buckypaper with high

carbon nanotube (CNT) contents (13�70%) using polymer single crystal-decorated CNTs as the

precursor. Polyethylene single crystals were periodically grown on CNT surfaces, forming a

nanohybrid shish kebab (NHSK) structure. Vacuum filtering a NHSK suspension led to polymer

single crystal-decorated buckypaper (named as NHSK paper) with a wide range of CNT contents

and uniform CNT dispersion. Porosity, surface roughness, and conductivity of NHSK paper can

be controlled by tuning the polymer single crystal size. Because of the hierarchical roughness

created by intra- and inter-NHSK nanostructure, NHSK paper with controlled kebab size

exhibits both superhydrophobicity and high surface water adhesion, which mimics the rose

petal effect. We anticipate that this unique NHSK paper can find applications in sensors,

electrochemical devices, and coatings.

KEYWORDS: carbon nanotubes . buckypaper . nanocomposite .
artificial superhydrophobic surfaces . films . roughness . conductivity
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(PSC)-decorated CNTs. PSCs are typically 2D lamellae
with folded polymer chains and they can be used as
spacers to separate individual CNTs and decorate
nanoparticles.16�20 The strategy we adopted is using
our recently developed hybrid structure, “nano-hybrid
shish kebab” (NHSK), instead of pristine CNTs, as the
building block to fabricate buckypaper (Scheme 1).21,22

CNTs serve as epitaxial nucleation sites for polymer
single crystals. Being confined to the surface of the
CNT, the early crystallization growth is favored for the
oriented polymer chains, resulting in lamellae that are
primarily perpendicular to the CNT axis. The result is a
semiperiodic crystal arrangement, with an appearance
similar to “beads on a string”. The nanostructured
material bears close resemblance to the classical poly-
ethylene (PE) “shish-kebabs” first described by
Pennings,23�25 and was therefore termed NHSK. The
“shish” in these materials is the CNT, which ultimately
becomes both the support material for these films as
well as the conductive filler. This technique was de-
monstrated using single-walled carbon nanotubes
(SWCNT), multiwalled carbon nanotubes, and carbon
fibers.26�28 From Scheme 1, it is apparent that, because
the 2D polymer lamellae “kebabs” are orthogonal to
the CNT, using the vacuumdeposition, buckypaper can
be fabricated where the lamellae can serve as the
“spacers” to separate individual CNTs, allowing pore
size control of the paper. Furthermore, various types of
NHSKs have been reported recently. For example, we
showed that amphiphilic block copolymer with a
monodisperse periodicity of 12 ( 0.9 nm could be
decorated on a single CNT by spin-coating crystalline
diblock copolymers over the SWCNT.29 Other reported
polymer materials that have been crystallized into
“kebabs” include nylon 66 and poly(L-lysine).30 CNTs
have also been reported in several studies to initiate
transcrystallinity of poly(vinyl alcohol)31 and isotactic
polypropylene.32,33 These various types of NHSKs pro-
vide a possible tool box to fabricate buckypaper with
controlled functionality for targeted applications.
In this work, hybrid PE NHSK buckypaper (from now

on, referred to as NHSK paper) with versatile surface
features, wetting properties, and conductivity were
produced at various polymer loadings. These hybrid

materials have SWCNT contents that are much high-
er than in most polymer�nanotube nanocompo-
sites. NHSK paper in this study was controlled to be
of the order of 5�20 μm in thickness, although
thicker films can be easily achieved. All the NHSK
papers are highly flexible and can be made free-
standing as desired, and show high water contact
angle, high surface water adhesion, and tunable
electrical conductivity.

RESULTS AND DISCUSSION

NHSK Paper Fabrication and General Characteristics. Five
batches of NHSK with varying PE contents were fabri-
cated following the procedure discussed in the experi-
mental section. NHSK structure was formed in all cases.
The average kebab crystal diameter ranges from ∼17
to 94 nm, and themean intra-NHSK spacing (defined as
the spacing between the adjacent kebab crystals along
a CNT, also known as the NHSK period) was found to be
35�68 nm. Figure 1 shows SEMmicrographs of NHSKs
with different PE/SWCNT contents. It is clear that, with
decreasing SWCNT contents in NHSK, the PE kebab
crystal size increases. Detailed information regard-
ing PE crystal size is listed in Table 1, along with other
NHSK paper properties. The diameters and intra-NHSK
spacings can be expected to follow a log-normal
distribution34 (see Supporting Information for compre-
hensive analysis). The mean diameter of the PE kebab
was found to be an indicator of the final PE content. In
general, the intra-NHSK spacing distributions were
found to be more uniform across different batches of
NHSK than crystal diameter distributions at the dilute
concentrations used in this study. The reason for this is

Scheme 1. Flowchart for the formation of NHSK films. (a)
Polymer is solution-crystallized using a CNT as the hetero-
geneous nucleus to form NHSK. (b) NHSK in solution are
vacuum-deposited throughamembranefilter to formNHSK
paper

Figure 1. SEM micrographs of NHSK with (a) 70% SWCNT,
(b) 25% SWCNT, and (c) 13% SWCNT content.
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that in dilute solution, the crystal density along the CNT
is controlled by nucleation rate and early stage crystal-
lization. After a crystal nucleus of appropriate size is
grown on a CNT surface, the remaining polymer in the
local area is depleted as it is incorporated into the
heterogeneously nucleated polymer crystal via ordin-
ary crystal growth.

These NHSKs were deposited into films to fabricate
NHSK paper and the PE contents in each paper were
confirmed by thermogravimetric (TGA) experiments
(see Supporting Information for details). Pure SWCNT
was also used to fabricate buckypaper. Figure 2 shows
the visual appearance and SEM images of the top and
side surface of buckypaper (Figure 2a,c,e, and g) and
NHSKpaper (Figure 2b,d,f, and h) fabricated by vacuum
filtration. The visual appearance of SWCNT buckypaper
is much more reflective than that of the NHSK paper
(Figure 2 panels c and d, respectively). This is due to the
efficient light scattering of the porous surface of the
NHSK, which will be discussed in more detail later.
Figure 2a shows that SWCNTs aggregates into bundles
that are aligned relatively parallel to the buckypaper
surface. The average diameter of these bundles is
∼13.2 nm, with some bundle diameters reaching al-
most 80 nm estimated using Image J. However, in the
NHSK paper case, SWCNTs were mostly separated into

individual tubes by the kebab crystals, as shown in
Figure 2b. Note that the bundle size of the SWCNTs in
NHSKs can be controlled by controlling the solution
crystallization conditions.17,22 NHSKs are also aligned
relatively parallel to the paper surface while PE
lamellar crystals are generally perpendicular to the
film surface. This indicates that the overall surface
roughness of the NHSK paper can be tuned by
controlling the PE crystal size. A detailed SWCNT
orientation study will be presented in the following
section. The cross-section of buckypaper in Figure 2,
for example, shows a dense structure while that of
NHSK paper clearly reveals the porous nature of the
latter (Figure 2f,h). The thickness of the NHSK paper is
approximately 10 μm.

SAXS Determination of NHSK Alignment. SAXS has been
used to study the structural anisotropy of the NHSK
paper. Pujari et al. described the relative orientation
of multiwalled CNT in a viscous medium under shear
flow.35 This calculationmay also be adopted to find the
relative orientation of SWCNT in NHSK papers. For a
material with filler oriented anisotropically in the x�z

plane, the anisotropy can be described through the
second moment tensor along the ξ�ζ plane of the
SAXS pattern36 (the reciprocal space projection of x�z),
which is defined as the total weighted intensity along

TABLE 1. Characteristics of Buckypaper and NHSK Paper Measured in This Studya

wt % SWCNT = 100 70 52 25 20 13

D (nm) N/A 17.6 35.0 54.8 80.3 93.9
dintra (nm) N/A 35.4 60.3 57.2 70.7 68.0
dinter (nm) N/A 671 470 419 495 368
θ (deg) 82.2 116.6 137.9 152.3 138.8 123.9
θADV/ θREC (deg) 93.7/41.2 123.6/50.1 150.6/64.7 170.9/55.9 147.8/43.8 138.0/55.1
σ (S cm�1) 1,930 267 78.5 21.0 41.4 2.64

a Kebab diameter (D), intra-NHSK spacing (dintra), and inter-NHSK spacing (dinter), water CAs (θ), advancing (θADV) and receding (θREC) CAs, and conductivity (σ) of SWCNT
buckypaper and NHSK films are shown in the table.

Figure 2. Comparison of SWCNT buckypaper and NHSK paper. (a,b) SEM image of top surfaces of vacuum-deposited SWCNT
buckypaper (a) and NHSK buckypaper (b). (c,d) Optical images of the as-deposited SWCNT (c) and NHSK paper with 25 wt %
SWCNT content (d) films. Light is easily reflected off of the surface of SWCNT buckypaper, but is scattered effectively from the
NHSK buckypaper surface. (e,f) Freeze-fractured surfaces of (e) SWCNT buckypaper and (f) NHSK buckypaper with 25 wt %
SWCNT. (g) Details of the fracture surface of SWCNT buckypaper. (h) Details of a 13 wt % SWCNT content NHSK paper cross-
section.
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all scattering vectors q as shown in eq 1:

Æqqæξζ ¼ Æqξqξæ Æqξqζæ
Æqξqζæ Æqζqζæ

� �

�
RR
q 3qI(q) dqξ dqζRR
q2I(q) dqξ dqζ

(1)

where I is the intensity at q. Similarly, the second
moment tensor in the ξ�η plane (reciprocal to the
x�y plane) is defined as

Æqqæξη ¼ Æqξqξæ Æqξqηæ
Æqξqηæ Æqηqηæ

� �

�
RR
q 3qI(q) dqξ dqηRR
q2I(q)dqξ dqη

(2)

From the entries of these tensor matrices, an “anisot-
ropy factor” (AF) can be calculated, which describes the
degree of alignment of the SWCNT in the film. As each

entry in the tensor matrix is normalized by the total
scattering intensity, this anisotropy factor must vary
between 0 for a completely disoriented material and 1
for a material with perfect alignment.

AF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(Æqξqξæ � Æqkqkæ)2 þ 4Æqξqkæ2

q
(3)

Here, k denotes either η or ζ as required. Buckypaper
and NHSK papers have ring orientation about z (z is the
NHSK normal), so the anisotropy factor is expected to
reduce to zero for the product moment of area entries
Æqξqkæ. Figure 3 shows SAXS patterns for SWCNT buck-
ypapers andNHSK papers, as well as the calculated AFs.
CNTs and NHSKs are isotropic along xy plane while the
anisotropy factor of buckypaper andNHSK paper along
xz plane was found to be moderate (∼0.1 to 0.15) in all
cases, as no effort was made to control the orientation
of thematerial as it was deposited. For the NHSK paper
with the lowest SWCNT content, the anisotropy factor
is lower than the other films. We attribute this to the
increased influence of the polymer single crystals
because they begin to collapse onto the NHSK paper
surface, affecting the scattering pattern.

Droplet Wetting of NHSK Paper. The unique structure of
the NHSK paper and the orthogonal orientation of the
kebab crystal with the paper surface motivated us to
study the wetting behavior of NHSK paper which we
expected to differ from that of other carbon films.37,38

Using the sessile drop technique, the contact angles
(CAs) of water drops on the surfaces of films were
measured to investigate the nano-roughness effect on
the wetting properties of the material. Water drops of
2 μL were placed on the surfaces of the films. Figure 4
shows the plot of CA versus SWCNT contents while
Figure 5 shows SEM micrographs of the surface of the
corresponding paper. SWCNT buckypaper (Figure 5a)
shows a CA of 84.7� while the NHSK paper with the
highest CNT content (70 wt %, Figure 5b) has a CA of
114.4�. As the CNT content of NHSK paper decreased, the
kebab size increased, and so did the surface roughness.

Figure 3. Through-plane (left) and in-plane (right) SAXS
patterns of films of various SWCNT loadings. (a) SWNT
buckypaper; (b) 70 wt % SWCNT NHSK paper; (c) 25 wt %
SWCNT NHSK paper; (d) 13 wt % SWCNT NHSK paper.
Annotation shows the calculated anisotropy factor (AF) for
each film. Left column shows ξ�η scattering patterns while
the right column shows ξ�ζ plane scattering patterns. The
horizontal axis is ξ direction for all the patterns.

Figure 4. CA versus SWCNT content for NHSK paper
and buckypaper films for as-deposited and annealed
samples: x-Error bars represent uncertainty in wt %;
y-error bars represent standard deviations of at least
eight droplets.
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In turn, CA increased to 136.3� and 152.3� for 52 wt %
and 25 wt % CNTs, respectively (Figure 5c,d). Super-
hydrophobic behavior was then achieved as the CA
was greater than 150� for NHSK paper with 25 wt %
CNT. This is consistent with reports on using CNT as
well as polymer nanofibers to create superhydropho-
bic surfaces.39�41 As the CNT content further de-
creased, however, CA decreased to 141.0� and 122.0�
for NHSK paper with 20 wt % and 13 wt % CNT,
respectively. SEM imaging showed that in these two
cases, PE kebab crystals were relatively large and were
not able to maintain orthogonal orientation with re-
spect to the NHSK paper; these large lamellar crystal
fold/collapsed onto the paper surface, which de-
creased the surface roughness, reducing the CA.

A rotational stage was used to measure the angles
at which water droplets rolled off the surface of the
material. All the NHSK paper, including the superhy-
drophobic one, showed high water adhesion; water
droplets tended to stick onto the surface even when
the NHSK paper was turned upside down. NHSK paper
with 25 wt % SWCNT is of particular interest because it
exhibits both high surface water adhesion and super-
hydrophobicity. At this point it is appropriate to con-
sider how a water droplet wets the surface of such a
film. The Cassie�Baxter state, which is common for
porous hydrophobic films, is characterized by a high
advancing CA and low CA hysteresis. This possibility
was eliminated in the present case, because the hys-
teresis between advancing and receding CAs for these
materials was found to be very high (Table 1). The
Wenzel state for the NHSK network was considered
next. Given the highly porous nature of these films and
the intrinsic hydrophobicity of PE, this case was also
difficult to rationalize. If the films are hydrophobic

enough to prevent the droplet from being fully ab-
sorbed, such droplet penetration into the depth of the
film is not feasible. The CA hysteresis is considerable
even formaterials in aWenzel wetting regime, although
it is not without precedent.42 The CA is also too high for
the Wenzel state. Therefore, the “Cassie impregnating
wetting state”43 (which includes “rose petal” effect44) is
appropriate to describe the wetting behavior of the
NHSK paper with 25 wt % SWCNTs (see Figure 6).

For surfaces exhibiting the Cassie-impregnating
wetting state, there are typically multiple levels of

Figure 5. SEM images of films surfaces and optical images of sessile drops for the films. (a) SWCNT buckypaper. (b�f) SWCNT
NHSK films with 70 (b), 52 (c), 25 (d), 20 (e), and 13 wt % SWCNT (f). Inset images are 2 μL water drops on SWCNT buckypaper
and NHSK paper surfaces, with CAs for these droplets.

Figure 6. Wetting of NHSK paper by water droplets.
(A) Hypothetical Cassie�Baxter wetting state and (B) “Petal
Effect” wetting. (C) Appearance of 2 μL droplets on the
superhydrophobic (25 wt % SWCNT) NHSK film, held at
(from left to right) 0, 45, and 90� angles of inclination, and a
5 μL droplet suspended upside down from the same film.
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roughness due to hierarchical surface structure. Water
droplet contact lines can reach down into the larger-
scale features of the surface (Wenzel), but cannot
penetrate into nanoscale asperities (Cassie), as shown
in Figure 6. Therefore, a Cassie impregnating wetting
state can also be considered as the Wenzelm�Cassien

state, where the superscripts denote the correspond-
ing length scale, micro- or nano-, respectively.45,46 In
the case of NHSK paper, the hierarchical roughness is
due to inter- and intra-NHSKs. The quasi-periodic
arrangement of the kebab crystals with a 50 nm kebab
spacing contributes to the nanoscale roughness; BET
analysis showed an average pore size of 31 nm and a
surface area of∼81 m2/g. 2D random packing of these
NHSKs leads to an inter-NHSK roughness that is
∼619 nm obtained by imaging analysis (microrough-
ness). As shown in Figure 6b, water droplets are
suspended above the single crystals due to intra-NHSK
roughness. However, inter-NHSK produces an undulat-
ing surface irregularity which is observable to thewater
drop, leading to high adhesion force. The adhesion
force of the superhydrophobic (25 wt % SWCNT) film
was greater than 49 μN based on the ability of the
surface to overcome the droplet's body weight and
suspend droplets as large as 5 μL upside down. Note
that both in nature and inmicrofabricated surfaces, the
rose petal effect is typically observed on surfaces with
dual roughness on tens of micrometers and submic-
rometer length scales, which are similar to the present
system. From the above discussion, it is also clear that
one can independently tune the structural features (e.
g., for a mircofabricated surface, pillar size, aspect ratio,
and periods) at different length scales as well as the
surface chemistry in order to achieve the Wenzelm�
Cassien state.44�46

The apparent CA of the NHSK paper can also be
estimated based on the following equation:44�47

cos θCimpr ¼ f (r cos θY þ 1) � 1 (4)

where θimpr
C is the observed CA, θY is the Young CA

for PE single crystals (taken as 94�),48 f is the solid
(or wetted) fraction of the nanoscale feature, and
r is the microscale Wenzel roughness. (In this case,
f can be estimated as the ratio between single crystal

thickness (∼10 nm) and the kebab periods (∼60 nm).
The Wenzel roughness is the same as the roughness
factor for the microstructure. We estimate this value to
be approximately 1.16 as explained in the Supporting
Information). The calculated apprarent CA is 147.9�,
which is close to the observed value.

Dynamicmethodswere also used to investigate the
advancing and receding CAs. Advancing CAs were
measured by analyzing droplets that were expanded
by increasing volume. Receding CAsweremeasured by
droplet evaporation. This method allowed multiple
contact line unpinning events to be observed: the
metastable minimum receding CA could therefore be
determined accurately.49 The advancing CAs were
found to be above 120� for all NHSK films, with the
superhydrophobic NHSK paper demonstrating an ad-
vancing CA of over 170�. The receding CAs were less
than 70� in all cases. This data are summarized in
Table 1. Droplet pinning due to the high adhesion
energy was responsible for this high hysteresis. Such
high CA hysteresis is consistent with the free energy
cost of rearranging a continuous contact line over a
rough surface.50 As the droplet prepares to shift into
a new orientation, it must arrange its interfacial mol-
ecules in such a way as to minimize the surface energy
of the three-phase contact line. In the case of NHSK
paper, because polymer single crystals are flexible
in nature due to the thinness of the lamellae, they
may also bend/deform, which further increases CA
hysteresis.51

NHSK paper was thermally treated above the PE
crystal melting temperature to further confirm the role
of the polymer single crystals on the water CA and to
investigate the potential of NHSK paper as a thermally
responsive material. Figure 7 shows representative
SEM images of the annealed surface; the kebab crystal
disappeared after annealing, which is due to the melt-
ing of PE crystals. Molten PE filled in the void regions of
NHSK paper so the overall roughness of the film
decreased as evidenced by the SEM images. The melt-
ing of PE crystals also affected CAs of NHSK paper and
Figure 4 shows the plot of CA versus SWCNT content
of the NHSK paper after annealing. For most NHSK
samples, CA decreased after annealing, and CAs of

Figure 7. Surface structure of NHSK films after annealing above the PEmelting transition and subsequent quenching in liquid
nitrogen and their associated CAs: (a) 70%; (b) 25%; (c) 13% SWCNT. Insets in panels a�c are the shapes of 2 μL sessile drops
and CAs for these drops.
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annealed NHSK paper with 25, 20, and 13 wt % SWCNT
samples are quite close. This is because the surface of
theNHSKpaper ismostly covered by PE after annealing
(Figure 7c). Of interest is that the annealing treatment
increased the CA for the NHSK paper with 70 wt %
SWCNT. This may be because upon melting, PE melt
allowed adjacent CNT to aggregate. Because of rela-
tively lowPE contents, therewas not enoughPE to fill in
the void region, leading to CA increase.

Conductivity of NHSK Paper and Buckypaper. Porous con-
ductive films are desirable materials for batteries and
supercapacitors, but in aqueous cells the operating
voltage is limited by the onset of hydrolysis, which can
be catalyzed by the surface functional groups on CNTs.
In some instances it may be possible to take advantage
of the insulating functionalization to allow the films to
operate reliably in environments where high voltage
swings or electromagnetic noise may be anticipated.52

NHSK functionalization allows the pore sizes to be
adjusted based on the crystal diameter, for applica-
tions such as glucose monitoring via glucose oxidase-
enabled electrochemical processes.53,54 Figure 8
shows the plot of conductivity versus the SWCNT
contents. Above the percolation threshold of a con-
ductive filler in an insulating matrix, the conductivity is
expected to scale as a power law as in eq 5.

σ� (v � vC)
t (v > vc) (5)

In this equation, σ is the conductivity and v and vc
are the nanoparticulate volume fraction and nanopar-
ticulate conductivity threshold volume fraction, re-
spectively. Taking a density estimate of 1.6 g/cm3 for
SWCNT of an outer diameter of 1 nm (plus 0.34 nm to
account for van der Waals repulsion)55 and taking a

density of 0.97 g/cm3 for the PSC phase, the volume
fraction of the material can easily be determined for
each sample. For the purposes of comparison, litera-
ture values of the percolation threshold were adopted
to compare the data to previous work and to analyze
the critical exponent. The critical exponent, t, is ex-
pected to have a value of 2 when filler concentration is
above the percolation threshold, as the accumulating
conductive filler transitions out of the nonpercolating
regime (although the experimental value sometimes is
seen to be higher in disordered composites).56 Far
above the percolation threshold however, the critical
exponent is expected to have a value of ∼1, as the
system is homogeneous and the conductivity in-
creases monotonically.57�60 This turns out not to be
the case for NHSK papers. The confidence interval for
the critical exponent is large; nevertheless, we found a
critical exponent of 2.0 for NHSK films, despite the fact
that the SWCNT content was far above the percolation
threshold. Note that if we include the pore volume for
the SWCNT volume fraction calculation, the critical
exponent is approximately 1.7, which is still much
greater than 1. This high exponent can be attributed
to the unique structure of NHSK. For homogeneous
systems, isotropic replacement of conductive particles
with nonconductive filler creates the possibility of
separation between adjoining conductive particles.
Here, with increasing PE contents, the addition of
matrix material is not added indiscriminately; instead
it is added to the growth front of the PSC, increasing its
diameter as it increases in roughly cylindrical volume
(spacer effect). The probability of contacts forming
between tubes is therefore dramatically decreased.
As a result, the scaling exponent increased. Never-
theless, highly conductive, porous NHSK paper was
obtained with controlled conductivity. Figure 8
shows a 2 orders ofmagnitude increase in conductivity
for NHSK paper when compared with CNT�PE nano-
composites.61 A substantial increase in conductivity
was also observed when the system was compared
with a very similar system using HiPCO SWCNT from
Carbon Nanotechnologies, Inc., prepared by bulk cast-
ing from dilute solution of HDPE in DCB.62 Note that in
a CNT-containing polymer nanocomposite system,
CNT anisotropy may affect the composite conductivity
as recently reported by Winey et al.63 In our work,
SAXS experiments did show moderate orientation of
SWCNTs. However, the conductivity change due to
structure anisotropy typically is most significant at a
low CNT content, and decreases rapidly as the CNT
content increases. Because in the present case, high
SWCNT contents were used in NHSK paper, the main
reason for the increased conductivity can thus be
attributed to the openness of the NHSK nanostructure.
Further work will test the conductivity of these films
after infusing them with insulating and conducting
polymers and electrolytes.

Figure 8. In-plane conductivity as a function of SWCNT
loading. x-Error bars represent the uncertainty in wt %;
y-error bars are standard deviations of five samples mea-
sured in four-point configuration. Inset: log�log plot of
NHSK in-plane conductivity (σ) vs SWCNT volume percent
(v) above critical percolation threshold (vc) which was taken
to be 0.6 vol % following ref 52. The dashed line connects to
SWCNT buckypaper. SWCNT volume fractions were calcu-
lated with (filled diamond) and without (open circles) the
pore volume of the NHSK paper.
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CONCLUSIONS
We have successfully demonstrated that highly uni-

form, free-standing nanohybrid NHSK paper with high
CNT contents (13�70%) can be produced using NHSK
as the precursor. PE single crystals were solution-
grown using CNT as the nucleation sites to form the
NHSK, which consists of PE lamellar crystals uniformly
decorating CNTs. Upon vacuum filtering NHSK suspen-
sion, NHSK paper was formed with the CNT axis being
parallel to the film surface and the PE crystals perpen-
dicular to it. All of the NHSK papers were highly flexible
and could be made free-standing as desired. The
morphology of the NHSK paper was carefully exam-
ined using SEM. PE single crystals were then used as a
structural control to tune the NHSK paper surface
roughness, wetting behavior, and conductivity. With

decreasing SWCNT contents, CA first increased to
152.3�, demonstrating a superhydrophobic behavior,
and then decreased. This was ascribed to the folding/
collapse of overgrowth PE lamellar crystals, as evi-
denced by SEM and SAXS results. Owing to the two
length scales of the surface morphology, (inter- and
intra- NHSK), the superhydrophobic NHSK paper also
demonstrated high adhesion properties, similar to the
interesting “rose petal” effect. Higher conductivity and
a higher critical exponent for electrical conductivity
were measured for NHSK than would be expected for
CNT/polymer nanocomposite, which is because of the
separation between CNTs achieved by using polymer
single crystal spacers. We anticipate that NHSK papers
can find applications in sensors, electrochemical de-
vices and coatings.

MATERIALS AND METHODS
Materials. SWCNT were high-purity grade high-pressure car-

bon monoxide (HiPCO) tubes purchased from Unidym, batch
no. P0288. Tube diameters were found to be in the range of
1.0�1.6 nm from the G-band and radial breathing modes using
Raman spectroscopy. The PE used in this study was a high-
density PE (HDPE) purchased from Aldrich (melt flow index,
12 g/10 min). Spectrophotomeric grade ortho-dichlorobenzene
(DCB) was purchased from Aldrich and used as received.
Deionized water was purchased from Aqua Solutions. Silver
paint was used as received from SPI supplies.

Formation of NHSK and NHSK Paper Preparation. PE NHSKs were
fabricated following the literature procedure21 incorporating
some modifications for process optimization, specifically, the
addition of alcohol to the SWCNT suspension and centrifuga-
tion of the SWCNT to remove bundles prior to crystallization.
In brief, SWCNT were ultrasonicated in a solution of DCB at
40 �C for 2 h to produce an exfoliated dispersion. Niyogi et al.
showed64 that sonication of solutions of CNT in DCB can achieve
stable exfoliation of the nanotubes through an irreversible
polymerization of DCB by the formation of free radicals. We
have found this DCB sonopolymer to interfere with NHSK
growth. To avoid this side-reaction, DCB sonopolymer free
radicals were quenched by the addition of 3 wt % ethanol
(99% purity, used as received from Aldrich) into the reaction
mixture. After sonication, the solution was centrifuged at
10 000 rpm for 20 min and the supernatant was collected.
Separately, PE pellets were dissolved in DCB at 130 �C. The
temperatures of the two solutions were equilibrated at 130 �C
beforemixing. Themixture was then cooled to 88.5 �C to induce
heterogeneous crystallization of PE. The final concentration of
SWCNT in solution was approximately 0.01% by weight; the PE
concentration was varied from 0.002 to 0.2 wt %. Crystallization
was allowed to proceed for 60 min. Isothermal filtration of the
solution was then performed to remove any remaining uncrys-
tallized polymer, leaving NHSK in solution.

To produce thick films, the NHSK solutions were filtered
through 0.2 μmpolytetrafluorethylene (PTFE) membranes from
Savillex. The films were rinsed with methanol three times after
filtering. After drying in a vacuum desiccator for at least two
days, PTFE membrane-mounted NHSK paper was obtained,
which could then be peeled off this membrane to produce
stable free-standing films as desired. Raman spectroscopy of
NHSK materials showed that the D/G peak intensity ratio was
unchanged after the NHSK functionalization and vacuum de-
position process, indicating that the SWCNTs were not signifi-
cantly damaged throughout the procedure. Films were
mounted on glass slides with double-sided tape for CA mea-
surements. The annealing of films was done on a hot stage at

180 �C for 60 s. A glass coverslip was used to keep the films flat
during the annealing process; no effort was otherwise made to
press the films. Annealed films were immediately quenched in
liquid nitrogen.

Characterization. Conductivities of samples were tested using
a PARSTAT 2273 potentiostat/galvanostat in four-point probe
configuration. Electrical contacts were painted on using con-
ductive silver paint from SPI supplies.

CA measurements using the sessile drop method were
carried out on a three-axis horizontal tilt stage on an optical
table. Determination of CA was performed using the ImageJ
software package. Deionizedwater was used for the CA of NHSK
paper before and after annealing on a precision hot stage. The
static CA was determined as an average of at least eight
measurements of 2 μL droplets, with uncertainty calculated
using the standard deviation. Nonstationary CA measurements
were performed using a range of conditions as needed. Advan-
cing CAs were measured using video recordings of the droplets
as the volumewas increased. Receding CA valueswere foundby
monitoring the evaporation of water droplets. Droplet sliding
angles were found using a similar setup, with video recordings
of 50 μL droplets.

To determine the PE contents of samples, thermogravi-
metric analysis (TGA) was performed on each of the buckypa-
per. Scans were run on a PerkinElmer TGA 7 under air, from
50�950 �C at a scan rate of 20 �C min�1. Sample mass con-
centrations were calculated based on the derivative of the TGA
curve: the contributions from the individual components (PE or
SWCNT) to the overall mass were obtained by deconvoluting the
peaks of this mixture in the temperature range of degradation of
this material, and then integrating each peak. The error was taken
as the instrument uncertainty. Differential scanning calorimetry
(DSC) was done on a PerkinElmer DSC 7 under nitrogen. The scan
rate was 10 �C/min, and the sample was taken from 20 to 180 �C,
then cooled to �65 �C, and then heated back to 180 �C.

SEM micrographs were taken using a Zeiss Supra 50VP SEM
in high-vacuum mode. NHSK samples were prepared by spin-
coating on a glass coverslip. SWCNT and NHSK films were
prepared by mounting films on an SEM stub using conductive
carbon tape from SPI supplies. Edge-on surfaces of these films
were prepared by freeze fracture at liquid nitrogen tempera-
tures. Prior to imaging, samples were conformally coated from
an 80/20% Pt/Pd target using a Cressington sputter coater at 40
mA under argon. All micrographs were taken using a 30 μm
aperture and a 1 keV beam.

Small angle X-ray scattering (SAXS) was performed on a
Rigaku S-MAX3000 pinhole SAXS camera with a three meter
detector and a Cu KR source. Film samples were sectioned into
half-millimeter strips and stacked to form a target such that the
thickness was adequate for in-planemeasurements. Through-plane
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patternswereproducedbyplacing thestripsflatagainst thepinhole.
In-plane diffraction patterns were taken by mounting the samples
so that they were slightly misaligned and incrementally rotating
them about the x-axis. The orientation corresponding to maximum
diffraction anisotropy was taken as the in-plane diffraction.

Profilometry was performed on a Zygo NewView 6000
optical profiler with 0.1 nm height resolution and 15000 μm
range. Samples were scanned over 0.5 � 0.7 mm regions, and
10 linescans of 0.1 mm were analyzed to estimate the surface
roughness properties. Gas adsorption analysis was performed
using Quantachrome Instruments (U.S.A.) Quadrasorb with N2

adsorbate at�196 �C after 48 h degassing at room temperature.
BET surface area was calculated using the adsorption branch.
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