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Abstract: Use of carbon nanotubes to create superhydrophobic coatings has been considered due
to their ability to offer a relatively uniform nanostructure. However, carbon nanotubes (CNTs) may be
considered delicate with a typical diameter of tens of nanometers for a multi‐walled CNT; as‐grown carbon
nanotubes often require the addition of a thin‐film hydrophobic coating to render them
superhydrophobic. Furthermore, fine control over the diameter of the as‐grown CNTs, or overall
nanostructure is difficult. This work demonstrates the utility of using carbon infiltration to layer
amorphous carbon on multi‐walled nanotubes to improve structural integrity and achieve
superhydrophobic behavior with tunable geometry. These carbon‐infiltrated carbon nanotube (CICNT)
surfaces exhibit an increased number of contact points between neighboring tubes, resulting in a
composite structure with improved mechanical stability. Additionally, the native surface can be rendered
superhydrophobic with a vacuum pyrolysis treatment, with contact angles as high as 160° and contact
angle hysteresis on the order of 1°. CICNT diameter, static contact angle, sliding angle, and contact angle
hysteresis were examined for varying levels of carbon‐infiltration to determine the effect of infiltration
on superhydrophobicity. The same superhydrophobic behavior and tunable geometry was also observed
with CICNTs grown directly on stainless steel without an additional catalyst layer. The ability to tune the
geometry while maintaining superhydrophobic behavior offers significant potential in condensation heat
transfer, anti‐icing, microfluidics, anti‐microbial surfaces and other bio‐applications where control over
the nanostructure is beneficial.
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Since their discovery, the unique properties of carbon nanotubes (CNTs) have made them a popular
option for creating superhydrophobic surfaces. In particular, CNTs offer the ability to create a relatively
uniform nanostructure, facile options for altering the surface chemistry (i.e. hydrophobic coatings or
modification to the native surface chemistry), and flexibility in configuration (e.g. ability to grow directly
onto a substrate, create patterns at the microscale, create two‐tiered surfaces, etc.). Such properties
have allowed superhydrophobic CNTs to be used in a range of applications such as enhanced droplet
mobility during condensation,1‐5 oil‐water filtration,6,
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absorption,8 self‐cleaning, drag reduction,9

antifouling,10 lab‐on‐chip, creation of antimicrobial surfaces,11‐13 and other bio‐applications.
Carbon‐infiltrated carbon nanotubes (CICNTs), also known as densified carbon nanotubes or carbon
nanotube/carbon composite fibers,14‐21 are comprised of CNTs with additional layers of carbon deposited
on the nanotube framework. The resulting composite is stronger than CNTs alone14‐19 and can display
higher electrical conductivity,14 depending on the level of infiltration.
Superhydrophobic surfaces are considered to have a solid/liquid contact angle greater than 145° and
low contact angle hysteresis.22‐23

Commonly, superhydrophobic surfaces are created through a

combination of tailored surface roughness and surface chemistry. As described above, CNTs have been
used to provide nanoscale surface roughness. Since as‐grown CNTs are frequently not hydrophobic, CNT
surfaces have been rendered superhydrophobic through the addition of a non‐wetting coating using
silanes, fluorination, or polymers like poly(tetrafluoroethylene) (PTFE).1‐5, 24‐27
However, post‐growth surface treatments have also been shown to alter the wettability of carbon
surfaces. Various plasma treatments have been used to render as‐grown CNTs superhydrophobic.20, 28 Li
et al. demonstrated that the hydrophobicity of native CNTs could be controlled using reactive ion etching
and laser pruning.29

Others have demonstrated that CNT surfaces can be changed from a

superhydrophobic state to a superhydrophilic state using UV and ozone treatment.30‐33 These groups have
also shown that the process can be reversed to render non‐infiltrated CNT surfaces superhydrophobic by
heating CNTs in a vacuum (i.e. vacuum pyrolysis).30‐33
This work demonstrates that CICNTs can also be rendered superhydrophobic using vacuum pyrolysis,
eliminating the need for deposition of a non‐wetting coating. We also quantify the surface wetting
characteristics for patterned and unpatterned, two‐tiered superhydrophobic CICNT surfaces. Further, we
demonstrate that similar superhydrophobic CICNT surfaces can be grown directly on 316L stainless steel
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without the need for a catalyst. Finally, we explore the influence of the degree of carbon infiltration on
CICNT diameter, static contact angle, sliding angle, and contact angle hysteresis.

Fig. 1. (a) Top‐down view of vertically aligned CNT forest without infiltration. (b) Top‐down view of a CICNT forest
with reduced porosity and inter‐CNT spacing. Microscale (c) rib and (d) post pattern comprised of CICNTs. (e‐h) SEM
images showing where a diamond scribe scratched CICNTs grown on (e,f) Si with an Fe catalyst and on (g,h) 316L
stainless steel without a catalyst (direct growth). CICNTs remain attached to the stainless steel surfaces everywhere
except where they came in direct contact with the diamond scribe.

CICNT surfaces were grown in three different microscale patterns on alumina‐coated silicon wafers.
CNTs were grown to achieve: (1) a blanket forest of CNTs uniformly coating the surface (Fig. 1a, b); (2) a
microscale rib pattern (Fig. 1c); and (3) an array of cylindrical posts (Fig. 1d). Rib width and spacing in Fig.
1c is 8 µm and 40 µm, respectively, resulting in 20% surface coverage by CICNT structures. Post diameter
and pitch in Fig. 1d is 7 µm and 16 µm, respectively, resulting in 15% surface coverage by CICNT structures
in a square arrangement. Standard photolithographic and lift‐off procedures were used to pattern a 7 nm
layer of Fe as a catalyst for CNT growth. Diced, Fe‐patterned samples were placed in a Lindberg/Blue M
tube furnace for CNT growth by flowing H2 gas (373.6 sccm) and C2H4 gas(204.0 sccm) at 750 °C for 15
seconds. After growth, the multi‐walled CNTs achieved a height of approximately 20 µm. The CNTs were
then coated (infiltrated) with amorphous carbon in the furnace by flowing H2 (444.88 sccm) and C2H4
(204.0 sccm) at 900 °C for 0, 5, 10 or 15 minutes. Above 15 minutes, delamination of the porous carbon
structure was observed from the Si substrate, likely due to internal stresses in the film. Infiltration times
may vary for different furnace setups, but with similar decreasing porosity with increasing infiltration
time.
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CICNTs were also grown directly on the as‐received 316L stainless steel substrates with a #8 mirror
finish without an additional catalyst layer (hereafter referred to as direct growth), as opposed to indirect
growth with CICNTs grown on stacked layers of Fe and alumina on Si. Samples were placed in a
Lindberg/Blue M tube furnace and air annealed by ramping to 800 °C while flowing Ar gas, then held for
2 minutes while flowing air. CNT growth was achieved by flowing Ar (311.0 sccm) and C2H4 (338.0 sccm)
at 800 °C for 20 minutes. The CNTs were then infiltrated with amorphous carbon in the furnace by flowing
Ar (311.0 sccm) and C2H4 (338.0 sccm) at 900 °C for 10 minutes. The direct growth CICNTs were grown in
a blanket forest with no microscale pattern.
Once the CICNTs were grown and infiltrated, the surfaces were vacuum annealed (i.e. vacuum
pyrolysis) at approximately 17 kPa and 250 °C for 24 hours to remove the absorbed oxygen and achieve
superhydrophobic behavior.33 Prior to vacuum pyrolysis, the forest patterned surfaces displayed static
contact angles of approximately 90°, as described by others.24, 27
The diameter of the infiltrated nanotubes was measured from top‐down imaging using scanning
electron microscopy, similar to those shown in Fig. 1a and b. Variation in diameter of the coated
nanotubes was observed and may be attributed to: (1) natural variation in size due to variations in the
catalyst, (2) variation in diameter along the height of the nanotube, and (3) variable proximity of
neighboring nanotubes. For this reason, a minimum of 20 measurements for diameter were averaged for
characterization and the 95% confidence interval was reported.
Contact angle measurements were obtained using the sessile drop method.34, 35 An approximately 2
mm water drop was deposited on test surfaces, backlit with illumination from an LED light, and imaged
with a high‐resolution camera. A fifth‐order polynomial fit was obtained for the droplet profile near the
triple point contact line. The tangent line at the intersection of the polynomial fit and contact line was
reported as the contact angle, with an accuracy of +/‐ 2°. Contact angle from left and right sides were
then averaged together. Advancing and receding contact angles were obtained by quasi‐statically
expanding and contracting the drop by adding and subtracting liquid volume with a needle while recording
the drop with video.36, 37 The advancing and receding contact angles were evaluated by post‐processing
video images in a similar manner to the static contact angle. The difference between the advancing and
receding contact angle is the contact angle hysteresis. Sliding angle, or the angle at which a stationary, 2
mm drop began to slide away from its original location, was measured using a micrometer angle gauge,
accurate to within +/‐ 0.5°.
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The mean diameter of CICNTs for varying infiltration time is shown in Figure 2. For each infiltration
time and pattern, measurements were taken at two locations on square samples: one near the center of
the sample (location A) and the other near the corner (location B), as shown in the figure. As expected,
more amorphous carbon was deposited during the longer infiltration times, leading to larger average
diameters. The spatial location for diameter measurement of the CICNTs grown on Si had no significant
effect on the average diameter. Samples that were infiltrated for 15 minutes had average nanotube
diameters more than 400% larger than those with no infiltration for all surface patterns. The ability to
tune the diameter of the structures by varying the infiltration time offers an additional element of surface
feature control to CNT growth.

Fig. 2. Average diameter of the CICNTs for different infiltration times. Each measurement is the average of at least
20 carbon nanotubes with error bars representing the 95% confidence interval. Measurements were taken at
locations (A) near the center and (B) near the corner of square samples.

The microscale pattern influenced the rate of deposition of amorphous carbon and thus the average
diameter of the structures. The forest pattern consistently exhibited the smallest diameters of the
patterns tested for all infiltration times. CICNTs grown in the rib pattern generally had smaller diameters
than those grown in the post pattern. This trend of increased infiltration may be due to the availability of
more carbon atoms in the C2H4 gas or reduced obstruction of the gas for lower density microscale
patterning. Jeong et al. observed a similar trend, where less‐dense patterns grew taller CNT structures
compared to their scaled, more‐dense counterparts.38
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Diameters of CICNTs grown directly on stainless steel were significantly larger than the indirect
growths; however, the size of the CICNTs as a function of infiltration time may not be directly compared
between direct and indirect growth samples since the furnace conditions and substrates were different.
The large variation in diameter size with spatial location reflects a general trend of large variation in
diameter size for direct growth CICNTs.

Fig. 3. Static contact angle of water droplets on CICNT surfaces. Each measurement is the average contact angle
taken at 3 or 4 different locations. The error bars are +/‐ 1 standard deviation. Contact angle does not vary
significantly with CICNT diameter, infiltration time, substrate, or microscale pattern.

Following vacuum pyrolysis treatment, all surfaces exhibited superhydrophobic behavior. The
average static contact angle for each of the surfaces is shown in Figure 3, with values greater than 145°.
The superhydrophobicity was stable, with insignificant changes in contact angle over time. Each
measurement is the average of measurements taken at 3‐4 different locations on the surface; the
variation is represented by the error bars, which are one standard deviation above and below the average.
The contact angle did not change significantly with CICNT diameter, microscale pattern type, or substrate.
Though the average contact angle is slightly lower for the surfaces with CNTs grown in a post pattern, the
larger variation (reflected in the standard deviation) in static contact angle and larger contact angle
hysteresis could be indicative of a larger number of defects on the surface. Indeed, the surfaces with CNTs
grown in a post pattern were observably less robust than the other surfaces. Considering the extremely
high aspect ratio of the carbon nanotubes (height ~20 µm, diameter 25‐200 nm) it is not surprising that
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when the carbon nanotubes were grown in small islands they were not observed to be as strong since the
network of interconnected CNTs was smaller. Regardless of infiltration time or microscale pattern, the
average static contact angle for all surfaces resulted in superhydrophobic behavior.

Pattern

Forest (Si)

Post (Si)
Rib Longitudinal (Si)
Rib Transverse (Si)
Forest (316L SS)

Infiltration
Time (min)

Hysteresis
(degrees)

Sliding
Angle
(degrees)

0
10
15
0
10
0
15
0
15
10

0.3
0.2
0.9
0.8
2.4
< 0.1
0.7
0.5
1.8
1.7

< 1‐3

Table 1. Average of 2‐4 hysteresis measurements on sample surfaces. The sliding angle was always less than 1‐3
degrees regardless of surface geometry, infiltration time and location. Neither hysteresis nor sliding angle varies
significantly with microscale pattern, CICNT diameter, infiltration time, or substrate.

In addition to having high static contact angles, each of the surfaces exhibited extremely low contact
angle hysteresis, on the order of 1°. Each measurement in Table 1 is the average of hysteresis
measurements taken at four different locations on the surface. Rib‐patterned surfaces with four
measurements included two measurements in each direction. All variation in contact angle hysteresis are
within the measurement uncertainty, regardless of surface pattern or infiltration time. Sliding angle,
another indicator of droplet mobility, was measured on surfaces of each pattern type and across a range
of infiltration times. As expected from the low hysteresis, small sliding angle values of less than 1‐3° were
observed, with no significant variation with infiltration time or pattern. All of the surfaces exhibited static
contact angle and droplet mobility measurements that qualify them as superhydrophobic, and the degree
of superhydrophobicity appeared to be largely independent of infiltration time or pattern over the range
tested.
The foregoing results demonstrate that carbon infiltration can be used to tune the diameter of the
carbon nanotubes, and that following a vacuum pyrolysis treatment, the carbon infiltrated carbon
nanotubes are superhydrophobic, without the need for an additional hydrophobic coating.

Even
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significant changes in the microscale arrangement, structure size, and substrate type (direct vs indirect)
did not appear to influence the hydrophobicity of the resulting surface. CICNTs were also observed to be
oleophilic; a drop of machine oil placed on the surface had a static contact angle of 35°.
The direct growth CICNTs on 316L stainless steel were observably more robust than the indirect
growth surfaces on Si. To demonstrate their robustness, a diamond scribe was used to scratch a direct
and indirect growth surface. SEM images of the scratches are shown in Figure 1e‐h. On the indirect
growth surface, a large section of the CICNT film delaminated and detached. However, on the direct
growth surface, the scribe scratched the stainless steel surface, but CICNTs remain attached everywhere
except where they came in direct contact with the diamond scribe. Direct growth CICNTs appeared to be
less vertically aligned than the indirect growth sample on Si; the increase in random growth direction
potentially resulted in an increase in the level of CNT interconnectedness, thus improving structural
integrity.
The ability to tune nanoscale geometry without affecting hydrophobicity creates new possible
applications for superhydrophobic CNTs. For example, superhydrophobic surfaces have shown great
potential in the area of condensation heat transfer, where the droplet growth, coalescence, and departure
is dependent on the nanostructure and feature sizes.1, 2, 39, 40 Mulroe et al. showed that the greater the
nanoscale roughness (i.e. more tall, slender nanostructures as opposed to short, stout structures), the
smaller the departure size of the drops, a parameter that is directly related to the rate of thermal
transport.39 The ability to tune the nanoscale geometry of superhydrophobic surfaces used in
condensation is a desirable trait with carbon infiltration affording the possibility to control CNT geometry.
Carbon nanotubes can be enhanced by infiltrating with amorphous carbon to improve mechanical
durability,14 increase resistance to shear failure,14‐19 and control nanoscale feature size. CICNT structures
can be rendered superhydrophobic for a range of infiltration rates with negligible change in
superhydrophobicity, as determined by the static contact angle, contact angle hysteresis, and sliding
angle. In general, longer infiltration times result in carbon nanotubes with larger diameters, and the rate
of infiltration is somewhat dependent on the patterning of carbon nanotubes, with sparser microscale
patterning leading to higher rates of infiltration.

Superhydrophobicity is invariant to infiltration

rate/CICNT diameter within the range tested here. CICNTs grown directly on stainless steel surfaces, when
subjected to vacuum pyrolysis, display the same superhydrophobic properties as those on Fe deposited
on alumina. Surfaces created with direct growth of CICNTs on the stainless steel are even more robust
than CICNTs grown on Fe deposited on alumina, as partially demonstrated by the scratch tests presented
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in this work. The ability to grow CICNTs directly on the stainless steel without the need for Fe deposition
reduces fabrication complexity and increases potential scalability of these surfaces.
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