
lable at ScienceDirect

Carbon 152 (2019) 474e481
Contents lists avai
Carbon

journal homepage: www.elsevier .com/locate /carbon
Parahydrophobicity and stick-slip wetting dynamics of vertically
aligned carbon nanotube forests

Ziyu Zhou a, 1, Tongchuan Gao b, 2, Sean McCarthy b, 3, Andrew Kozbial d, 3, Susheng Tan c, 2,
David Pekker e, 2, Lei Li d, 2, Paul W. Leu b, *

a Department of Mechanical Engineering and Materials Science, University of Pittsburgh, 3700 O'Hara St, Pittsburgh, PA, 15213, USA
b Department of Industrial Engineering, University of Pittsburgh, Pittsburgh, 3700 O'Hara St, Pittsburgh, PA, 15213, USA
c Department of Electrical and Computer Engineering, University of Pittsburgh, Pittsburgh, 3700 O'Hara St, Pittsburgh, PA, 15213, USA
d Department of Chemical Engineering, University of Pittsburgh, Pittsburgh, 3700 O'Hara St, Pittsburgh, PA, 15213, USA
e Department of Physics, University of Pittsburgh, Pittsburgh, 3700 O'Hara St, Pittsburgh, PA, 15213, USA
a r t i c l e i n f o

Article history:
Received 30 April 2019
Received in revised form
30 May 2019
Accepted 3 June 2019
Available online 7 June 2019
* Corresponding author.
E-mail addresses: ziz25@pitt.edu (Z. Zhou), tog8@

edu (S. McCarthy), andrew.kozbial@gmail.com (A. Ko
pekkerd@pitt.edu (D. Pekker), lel55@pitt.edu (L. Li), p

1 This is the first author footnote.
2 This is the second author footnote.
3 This is the third author footnote.

https://doi.org/10.1016/j.carbon.2019.06.012
0008-6223/© 2019 Elsevier Ltd. All rights reserved.
a b s t r a c t

We report for the first time on the parahydrophobicity and stick-slip wetting dynamics of vertically
aligned carbon-nanotube (CNT) forests and compare it with previously observed droplet infiltration
characteristics. CNT surfaces have generally been reported to be superhydrophobic, but unstable, as the
water rapidly infiltrates the forest. In this paper, we demonstrate the first observation of para-
hydrophobicity of CNT forests, where the surface exhibits an apparent static water contact angle close to
150� but may be turned upside down without the droplet rolling off. Evaporation plays a critical role in
the dynamic wetting behavior of these high-density samples as water droplets are stable in moisture-
saturated environments. The wetting dynamics in the ambient is driven by evaporation as opposed to
infiltration and characterized by contact line pinning from the strong adhesive forces in the CNTs. The
pinning force at the contact line gradually increases as the droplet evaporates until a critical force is
reached, where the contact line suddenly jumps radially inward with a concomitant deflection of CNTs
inward. We observe that taller CNT forests have a higher critical force for deflection and coalesce into
cellular patterns with larger cell size, which both suggest that taller CNTs have stronger mechanical
interactions with each other.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The application of water to vertically aligned carbon nanotube
(CNT) forests may be utilized for self-assembly processes such as
the densification, alignment, and folding of CNTs into foams [1,2],
cellular templates [3], mutilayer assemblies [4], and densified
aligned arrays [5e8]. These structures and processes may be
important for a variety of applications that make use of the
outstanding mechanical, electrical, and thermal properties of CNTs,
such as supercapacitors [7], interconnects [9], adhesives [10],
pitt.edu (T. Gao), stm76@pitt.
zbial), sut6@pitt.edu (S. Tan),
leu@pitt.edu (P.W. Leu).
particle trapping [11], and structural color [12]. However, the dy-
namic wetting behavior and elastocapillary coalescence of verti-
cally aligned CNT forests is complicated and not fully understood.

When a water droplet is placed on a vertically aligned CNT
forest, the water contact angle is over 150� initially [13e15],
indicative of a superhydrophobic surface. However, this high water
contact angle has generally been observed to be unstable as the
water droplet quickly transitions from an initial Cassie-Baxter-like
state [16] to a film state within a few minutes [13e15]. This infil-
tration has been attributed to CNTs having a slightly hydrophilic
graphitic surface with a generally accepted water contact angle of
84e86� [17e19]. After the water transitions to a film state, the
water evaporates and forces the CNTs into bundles by elastocapil-
lary coalescence [1,2,7,8,20]. Surface chemical modification of CNTs
[13,21e23] or constructing micro/nano scaled hierarchical CNT
films [24], has generally been found to be necessary to achieve
stable superhydrophobicity.

In contrast to previously reported unstable superhydrophobicity
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of vertically aligned CNTs, we report on newwetting characteristics
of vertically aligned CNT forests through the fabrication of high
number density forests (>1� 1011 CNTs/cm2). Water droplets are
in fact stable for over 25min on these high number density CNT
forests in the ambient as the infiltration of water into these forests
is inhibited. We present the first demonstration of para-
hydyrophobicity or petal effect wetting of CNT forests, where the
water contact angle is high on these CNT forests (about 150

�
), but

the contact angle hysteresis is large (>45
�
). These CNT forests may

be turned completely upside down without the droplet rolling off,
indicative of strong adhesion to the CNTs.

The wetting dynamics of these high number density CNT forests
also differs drastically from the unstable behavior commonly
observed in the literature. Evaporation plays a critical role in the
wetting dynamics of these high number density forests as water
droplets are completely stable in moisture-saturated environ-
ments. In our dynamic wetting studies, the contact line of the
evaporating droplet is characterized by stick-slip behavior driven
by evaporation where the contact line is pinned due to strong ad-
hesive forces with the CNT forest and unpinned when the CNTs at
the contact line are deflected radially inward. Our modeling work
indicates that the change in water droplet shape and volume is
consistent with evaporation governed by the diffusion of water
vapor from the droplet surface. As thewater droplet evaporates, the
pinning force of the CNTs on the water at the contact line gradually
increases until this force eventually reaches a critical force where
the CNTs can no longer provide the force need to continue pinning
the contact line. At this critical force, the CNTs are deflected radially
inward as the contact line suddenly jumps inward. The water
contact angle and baseline diameter abruptly increase and
decrease, respectively, as opposed to suddenly decreasing and
increasing as seen when a rapidly infiltrating droplet reaches the
hydrophilic substrate. It is only after the CNT forest radially deflects
inward that the water subsequently infiltrates the CNT forest
rapidly. Taller CNT forests have a higher critical force for defor-
mation, which suggests that the taller CNT forests have increased
reinforcement from mechanical deformation. We also observe that
the evaporation of water results in the elastocapillary coalescence
of CNTs into cellular patterns where taller CNTs tend to have larger
cell size, also suggestive of stronger mechanical interactions be-
tween taller CNTs. Our results offer understanding into the
complexwetting of vertically aligned CNT surfaces, whichmay used
as a CNT self assembly method for a wide variety of applications.
Fig. 1. SEM images of (a) low number density and (b) high number density vertically aligned
tall, high number density CNTs at two different resolutions. (d) Pinholes in short, low numbe
(e) Demonstration of parahydrophobicity in high number density vertically aligned CNT fores
high apparent contact angle. (A colour version of this figure can be viewed online.)
Furthermore, the unique parahydyrophobicity andwetting stability
of high number density vertically aligned CNT forests may be
adapted for various biosensing, gecko tape, water harvesting,
microfluidics, and membrane devices [25e29].

2. Results and discussion

2.1. Synthesized CNTs characterization

CNT forests were synthesized by chemical vapor deposition and
their wetting properties were characterized. Vertically aligned
CNTs were grown from a 2 nm evaporated Fe catalyst layer on a
sputtered alumina buffer layer on a Si substrate (details are pro-
vided in Supplementary Info).

Fig. 1(a) shows an (i) overhead scanning electron microscope
(SEM) image and a (ii) sideview SEM image of a reference vertically
aligned CNT sample, which exhibits the widely observed unstable
superhydrophobicity that has been commonly reported [13e15].
Water droplets on this sample exhibit high water contact angle, but
are only stable for a few minutes before the droplet transitions to a
film state.

Higher number density vertically aligned CNT forests were
synthesized by increasing the roughness of the alumina buffer
layer. The roughness of the alumina buffer layer was increased by
decreasing the distance between the alumina source and sample so
that the sputtering was less isotropic. The reference sample was
grown using a smoother alumina buffer layer with a root mean
square (rms) roughness of 10.6 nm, while the high number density
samples were grown using a rougher alumina with rms roughness
of 26.5 nm (Supplementary Info, Fig. S1). The iron catalyst was
annealed for 40min prior to the introduction of an ethylene carbon
source and the rougher alumina promotes the dewetting of the Fe
catalyst into smaller nanoparticles that yield CNT forests with
higher number density at a faster growth rate. Fig. 1(b) shows (i)
overhead and (ii) side view SEM images of the high number density
CNT forests. Both CNT forests were grown to a height of about
28 mm. The differences in number density in this sample are
apparent from comparing its SEM images with those of the refer-
ence sample in Fig. 1(a). To estimate the number density n of the
aligned CNT forests, we utilized the weight-gain method [30].
Transmission electron microscopy (TEM) images (Fig. 1(c)) were
used to estimate the average diameter and average number of walls
of the CNTs, which were then used to estimate the number density
CNT forests. (i) Overhead SEM images and (ii) sideview SEM images. (c) TEM images of
r density CNT forest may also lead to rapid infiltration of water and droplet instability.
ts where the droplet may be flipped upside downwithout rolling off in spite of the very
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of the forests (Supplementary Info, Fig. S2). Fig. 1(c) shows TEM
images of the tall, high number density CNT forest at two different
resolutions. The mean outer diameter of this CNT forest is 9.7 nm
and the mean number of walls is 7. The number density of the
reference short, low number density sample is about 4:9� 1010

CNTs per cm2 while the high number density sample is 13:1� 1010

CNTs per cm2. A summary of the height, diameter, number of walls,
mass density, number density, mean inter-CNT spacing, and air
fraction between tubes is provided in Table S1.

The weight gain method is reliable as thermogravimetric anal-
ysis indicates our vertically aligned CNT forests consist of mainly
graphitic carbon (Supplementary Info, Fig. S3) [30,31]. Additional
discussion of different errors in estimating the CNT number density
such as the variations in CNT diameter and number of walls as well
as variations in length is provided in the Supplementary Info. The
higher number density samples have better alignment as charac-
terized by the Hermann Orientation Factor (calculated in the Sup-
plementary Info) due to the crowding effect [32]. The higher
number density CNT forests tend to not only be more compacted,
but better aligned, and more uniformly distributed across the
sample. This higher number density and higher uniformity both
provide for better water droplet stability as the lower mean inter-
CNT spacing and lower variation in CNT-spacing more strongly
inhibits the infiltration of water into the CNT forest.

In addition to the worse uniformity in the lower number density
reference sample, pinholes such as that shown in Fig. 1(d) also lead
to the rapid infiltration of water into the forest such that the water
droplet collapses within a few seconds and quickly transitions into
a film state. These pinholes may form if there are particulates
present on the catalyst.
2.2. Characterization of CNTs wetting behavior

Water droplets on the low number density reference forest are
relatively unstable as have been commonly observed in the litera-
ture [13e15]. However, water droplets on the high number density
forest are stable in atmosphere and enables additional character-
ization. Quite surprisingly, the high number density CNT forest
exhibits parahydrophobicity [26] where the water contact angle is
high (Fig. 1(e),i), but the droplet also has strong adhesion such that
the droplet remains adhered to the surface even when it is tilted
upside down (Fig. 1(e),ii). The droplet adheres to the surface even
after the CNT forest has been inverted immediately after water
deposition (see Video S1 in the Supplementary Info). Table 1
summarizes our wetting characterization results based on charac-
terization of three droplets on each sample. The high number
density exhibits a large hysteresis angle or difference between
advancing and receding angle, which is indicative of strong
adhesion.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2019.06.012.

This wetting behavior of high contact angle together with strong
adhesion is also referred to as petal effect wetting [33,34] as rose
petals exhibit this type of wetting and is distinct from lotus effect
wetting, where high water contact angle droplets have low
Table 1
Summary of contact angle results of CNTs with water droplet.

Sample Reference (�) High n (�)

Static Contact Angle (qs) 152.3 ± 0.1 146.5 ± 0.1
Advancing Angle (qa) 149.7 ± 0.4
Receding Angle (qr) 103.8 ± 4.7
Hysteresis Angle (qh) 45.9 ± 4.3
adhesion and easily bounce or roll off the surface [35]. Petal effect
wetting has also been observed in gecko feet [36] and peach skin
[37]. Hierarchical structures [38] as well as polymer nanotubes
[29,39] have also demonstrated this type of wetting. Para-
hydrophobicity may be explained by a metastable intermediate
state of wetting between the Wenzel or Cassie-Baxter regime
referred to as the Cassie-Impregnating regime [38], where some
surface features exhibit Wenzel wetting and others exhibit Cassie-
Baxter behavior [40,41]. In CNTs, the Cassie-Impregnating state
may occur because the surface of graphitic carbon has been shown
to be intrinsically mildly hydrophilic, but becomes hydrophobic
after airborne hydrocarbon contamination [42,43]. This heteroge-
neity of both hydrophilic and hydrophobic regions in CNTs may
provide for the parahydrophobicity observed [26].

Next, we performed dynamic wetting studies on three different
CNT samples, which are summarized in Fig. 2. Fig. 2(a) shows the
change of the baseline or contact area diameter with time. The high
number density samples show distinct behavior from the low
number density reference sample. The contact areas of the water
droplet on the CNT forests is mostly constant due to the strong
adhesion forces discussed above and the contact lines are charac-
terized by abrupt and sudden changes. While the water droplet on
the low number density sample shows a sudden increase in base-
line diameter after only about 3min, the high number density
samples are stable for over 25min, after which the baseline
diameter suddenly decreases.

Notably, the short, high number density forest experiences two
sudden decreases in baseline diameter, while the tall, high number
density forest experiences one sudden decrease. Fig. 2(b) shows
optical images of the water droplet for the three types of samples.
Images are taken at 2min intervals for the reference sample and at
6min intervals for the high number density forests, where the
contact area diameter is marked by red lines. Fig. 2(c) plots the
water contact angle of the three different samples as a function of
time. As the water droplet evaporates, the water contact angle
decreases gradually. For the low number density sample, the water
contact angle abruptly drops from 150 to 50� after about 3min. The
contact line is pinned again at about 50� after this sudden jump and
evaporation is again responsible for the continuous decline inwater
contact angle. For the high number density samples, the contact
angles also decrease initially due to evaporation. The contact angles
between the two samples begin to deviate after about 23min. This
may be due to the slight differences in number density discussed
earlier between the two samples or slight differences in the envi-
ronment. We additionally model the contact angle change with
time using an evaporation model in which the rate at which the
droplet loses water is governed by the diffusion of the water vapor
from the surface of the droplet [44]. Details of this model and how
this model is solved numerically are described in the Supplemen-
tary Info. The results of this model are shown in Fig. 2(c) with the
cyan and pink dashed lines for the short, high number density and
tall, high number density samples, respectively. As can be seen, the
decrease in water contact angle of these two high number density
samples generally follow that due to evaporation until there is a
sudden increase in water contact angle. For the short, high number
density sample, the contact angle jumps from 41

�
up to 81

�
at about

25min and then again from 63
�
up to 79

�
at about 26min. The tall,

high number density samples experience a similar abrupt increase
in water contact angle, though this happens at a much smaller
water contact angle. The water contact angle jumps from 6� to 9�

after most of the droplet has evaporated. Videos S2eS4 showing
the water droplet evolution of the three different types of CNT
samples are included in the Supplementary Info. Another video (S5)
showing the wetting dynamics of the three samples concurrently is
also including the Supplementary Info.

https://doi.org/10.1016/j.carbon.2019.06.012


Fig. 2. CNT wetting dynamics in the ambient. (a) Baseline diameter versus time. (b) Optical microscope images of water droplets over time. (c) Water contact angle as a function of
time for three types of samples Enlarged image shows the contact angle changing details for tall, high number density sample. (d) Enlarged frame by frame optical microscope
images of contact angle change with time for (i) short, low number density and (ii) short, high number density CNT forests. (A colour version of this figure can be viewed online.)
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Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2019.06.012.

SEM images of the aligned CNT forests were taken after wetting
experiments (Fig. 3), which reveal very different CNT assembly
patterns. Cellular patterns of aggregated CNTs are seen in the low
number density sample similar to those commonly reported
[14,15]. In contrast, the high number density sample shows a ring-
like pattern where the original contact line was pinned. We note
the CNTs are also deflected radially inward at this contact line
corresponding to the sudden jump inward of the contact line after
25min. In the short, high number density samples, a second
concentric ring may be observed which likely coincides with the
second jump inward observed. Cellular patterns may be observed
throughout the sample similar to the reference sample due to
evaporation of the water after the water has formed a film. In
contrast, the tall, high number density sample primarily has
cellular patterns within the original contact line. There is some
evidence of water infiltrating beyond this initial contact line, but
the extent of this infiltration is limited. We also note that the
cellular patterns in the tall CNT forest are larger than those in the
two short CNT forests, which have comparable cell size.

We further studied wetting in a moisture-saturated environ-
ment to eliminate the role of evaporation. Fig. 4 presents the results
of experiments on the short and tall, high number density samples.
Wetting tests were also performed on the reference sample but the
wetting behavior was like that in the ambient environment, sug-
gesting that evaporation does not play a critical role in the transi-
tion of the droplet into a film state in the low number density CNT
sample. Details of how these experiments were performed may be
found in the Methods section and an accompanying schematic may
be found in the Supplementary Info, Fig. S5. In contrast, the water
droplet contact angles on high number density samples are stable
between 140� and 150� over 3 days, revealing the critical role of
evaporation in CNT wetting dynamics in the ambient. Optical pic-
tures shown in Fig. 4(b) reveal no change in the water droplet and
the contact lines remain fixed. Finally, after 72 h, the water droplet
was wicked away. SEM images in Fig. 4(c) reveal that capillary
forces have bundled the CNTs together into one central array. The
rapid wicking away process of water from the center promotes the
formation of this single array as opposed to the cellular patterns
formed during evaporation in the ambient environment (Fig. 4(c), ii
compared to Fig. 3(c),i). The cellular bundles in the shorter CNTs are
smaller in Fig. 3(b)(i), while all the CNTs in the tall forest have been
bundled together at the center in Fig. 3(c)(i). We also observe some
water infiltration beyond the contact line in the short, high number
density forests due the short height of CNT sample. This suggests
that downward water infiltration still occurs in these samples, but
at a much slower rate.

2.3. Mechanism of CNTs wetting

Based on our experiments, we create a schematic illustrating the
wetting process for different CNT forests in the ambient as shown
in Fig. 5. The water droplet in all three samples exists in a meta-
stable Cassie-Baxter-like state with air trapped underneath
(Fig. 5(i)). Droplets gradually (1) infiltrate downward into the forest
as the droplet transitions from a Cassie-Baxter-like state to a
Wenzel-like state through so called Cassie-Impregnating states and

https://doi.org/10.1016/j.carbon.2019.06.012


Fig. 3. SEM images of wetting patterns for (a) short, low number density, (b) short, high number density, and (c) tall, high number density aligned CNT forests. (i) Overhead SEM
images and (ii, iii) tilted at 70� from overhead SEM images are shown.

Fig. 4. (a) SEM images of wetting patterning under different environments in the ambient environment (blue dot line) and in the saturated environment (red dash line). (b) Optical
images for long-term stability test for (i) short high number density sample and (ii) tall high number density sample. (c) SEM images for (i) short high number density sample and
(ii) tall high number density sample after 72 h stability test. (A colour version of this figure can be viewed online.)
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(2) evaporate which increases the pinning force of the CNTs on the
water at the water contact line (Fig. 5ii).

The three phase contact line is pinned while these processes
happen due to the strong adhesion of the water droplet with the
CNT forests. Two types of abrupt transitions occur in these samples
(Fig. 5iii). In the low number density sample, this jump occurs
when the maximum infiltration reaches the hydrophilic substrate.
The abrupt transition has been previously reported for micropillars
of PDMS [45]. The droplet suddenly changes into a film state
(Fig. 5(a),iv) and the subsequent evaporation bundles the tubes into
cellular patterns (Fig. 5(a),v and vi). On the other hand, the water
infiltration in the high number density samples occurs much more



Fig. 5. Schematic of wetting process for three CNT samples: (a) short, low number density, (b) short, high number density, and (c) tall, high number density, aligned CNT forests. (i)
original water droplet on the sample, (ii) evaporation and infiltration happens, (iii) critical states (water touches the bottom or critical force reached), (iv) wetting and evaporation,
(v) elastocapillary coalesecence and (vi) SEM images of surface after evaporation. (A colour version of this figure can be viewed online.)
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slowly. Instead, evaporation gradually decreases the droplet size
and the droplet contact angle. An abrupt transition occurs when the
pinning force on the contact line reaches a critical CNT deflection
force, where the CNTs can no longer provide the force required to
continue pinning the contact line. The CNTs are deflected radially
inward as the water contact line jumps and this allows water to
flow into the forest (Fig. 5(b),iv) and rapidly achieve a film state
(Fig. 5(b),v). This type of stick-slip behavior has been previously
reported for nanoparticle suspensions, which may experience
multiple slip events with associated deposition of nanoparticles
into rings [46,47]. In contrast, we observe a maximum of two slip
events in our wetting dynamic studies due to the deflection of CNTs
and subsequent infiltration of water into the CNT forests. Evapo-
ration of the droplet again forms cellular patterns due to elasto-
capillary coalescence where capillary forces cause the CNTs to
adhere to nearby CNTs [48] (Fig. 5(b),v and vi). The tall, high density
CNT forests also undergo the same abrupt transition at a critical
force, but this transition occurs when the water is almost
completely evaporated such that there is limited infiltration of the
water outside the original contact line. We estimate the critical
force on the two high number density forests when the abrupt
deflection of CNTs occurs. The force per unit length on the contact
line is

F ¼ gLA
�
cos q� cosqeq

�
(1)

where gLA ¼ 72.8 mN =m is the surface tension of water, qeq is the
equilibriumwater contact angle and q is the water contact angle at
any time. The critical force Fc is calculated from the critical water
contact angle qc, when the water contact line suddenly jumps in-
ward. The critical force is 3.2 nN and 4.0 nN per CNT for the short,
high number density and tall, high number density samples,
respectively. Elastocapillary theory, where CNTs are treated like
independent beams, suggests that longer CNTs should buckle at
lower critical forces [4]. In contrast, the longer CNTs in our exper-
iments deform at higher critical forces suggesting that taller CNTs
have stronger reinforcement from deformation, which may be due
to increased van der Waals forces from contact or entanglement
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interactions between neighboring CNTs [49]. We also note that the
tall CNT forests have larger cell sizes after evaporation than the two
short CNT forests, which further supports that taller CNTs have
increased mechanical interactions with their neighbors.

3. Conclusions

We fabricated high number density (>1� 1011 CNTs/cm2) CNT
forests, which provide for increased wetting stability compared to
CNTs commonly reported in the literature. We offer the first
demonstration of parahydrophobicity on high number density CNT
forests, where thewater contact angle is about 150

�
, but the contact

angle hysteresis is >45
�
. These vertically aligned CNT forests may

be turned upside down without the droplet rolling off. We also
studied the wetting dynamics of high number density CNT forests
of different height and compared them to the unstable super-
hydrophobicity of the reference sample. The high number density
vertically aligned CNT forests demonstrate water droplet stability
over 25min in an ambient environment and over three days in a
saturated environment, revealing the critical role of evaporation in
ambient wetting dynamics. The water droplet dynamics in these
high number density samples is governed by stick-slip behavior
due to evaporation of the water droplet as opposed to the down-
ward water infiltration into the forest. Above a critical pinning
force, the contact line suddenly jumps and the CNTs at the contact
line deform radially inward. This initiates the infiltration process by
which thewater contact angle rapidly decreases. These results offer
understanding into the complex wetting of vertically aligned CNT
surfaces, which may used as a self assembly method for the
densification, alignment, and folding of CNTs for applications such
as supercapacitors, interconnects, adhesives, particle trapping, and
structural color. The unique parahydrophobicity properties of CNTs
reported here could potentially be used in combination with the
other excellent mechanical, thermal, and electrical properties of
CNTs.
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