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ABSTRACT

A solution-based, large-area coating procedure is developed to produce conductive polymer
composite films consisting of hollow-core carbon nanofibers (CNFs) and a fluoroacrylic co-
polymer available as a water-based dispersion. CNFs (100nm dia., length ~130um) were
dispersed by sonication in a formic acid/acetone co-solvent system, which enabled colloidal
stability and direct blending of the CNFs and aqueous fluoroacrylic dispersions in the absence of
surfactants. The dispersions were sprayed on smooth and microtextured surfaces, thus forming
conformal coatings after drying. Nanostructured composite films of different degrees of oil and
water repellency were fabricated by varying the concentration of CNFs. The effect of substrate
texture and CNF content on oil/water repellency was studied. Water and oil static contact angles
(CA) ranged from 98° to 164° and from 61° to 164°, respectively. Some coatings with the
highest water/oil CAs displayed self-cleaning behavior (droplet roll-off angles < 10°). Inherent
conductivity of the composite films ranged from 63 to 940 S/m at CNF concentrations from 10 to
60 wt. %, respectively. Replacement of the long CNFs with shorter solid-core carbon

nanowhiskers (150 nm dia., length 6-8 pm) produced stable fluoropolymer-nanowhisker
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dispersions, which were ink-jetted to generate hydrophobic, conductive, printed line patterns

with a feature size ~100um.

* Corresponding author. Tel: +1 312 996 3436. E-mail address: cmm@uic.edu (C. M.
Megaridis)

1. Introduction

Stable polymer-particle dispersions suitable for spray casting of nanostructured carbon
composite coatings are important for a variety of industries seeking simple methods to apply
large-area, functional surface treatments [1-9]. Such dispersions, when deposited on a suitable
substrate and dried, can produce composite films with tunable mechanical, electrical, and
hydrophobic/hydrophilic properties [4, 5]. Select methods for producing dispersions have
focused on blending solution-processed polymers or aqueous based polymeric dispersions with
dilute nanofiber suspensions [10]. Polymers are generally chosen based on their adhesion
properties, mechanical strength, and surface energy, while nanoparticle fillers are selected not
only to alter surface energy and surface texture, but also to impart additional functionalities, such
as electrical conductivity, magnetic actuation, etc. Nanofillers, such as carbon nanotubes (CNTSs)
or carbon nanofibers (CNFs), in order to be combined with polymer dispersions or solutions
must be dispersible and stable in liquids, which generally requires the use of either sonication,
chemical functionalization, co-solvents or a combination of these techniques [11]. CNFs have the
advantage of being less costly for industrial scale production [12]. But CNFs are also very long
(> 100 um) — as compared to CNTs (< 10 um) - which complicates their solution dispersion and

processing. Relatively few works have demonstrated water repellency of composite coatings
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containing CNFs or CNTs dispersed in fluorinated polymers [5, 13]. Moreover, studies
demonstrating CNF-based polymer composites with oil repellent properties are lacking.

Herein we report fabrication of novel CNF-fluoropolymer composite films obtained from
multi-solvent dispersions comprising formic acid, acetone and water. Prior to blending CNFs
into the aqueous-based fluoropolymer dispersion, CNFs are dispersed in a formic acid/acetone
solvent system by ultrasonic processing. The fluoropolymer used is a commercially available
fluoroacrylic co-polymer (PMC), which provides better substrate adhesion when compared to
traditional perfluorinated polymers, such as polytetrafluoroethylene (PTFE or Teflon). The high-
aspect-ratio CNFs used in this work serve two purposes, namely to: a) create hierarchical surface
roughness features within the polymer matrix as required for liquid repellency [14], and b) add
additional functionality of electrical conductivity by a percolated fiber network when present in
high enough concentrations. To enable solution dispersion, instead of treating CNFs with strong
acids, such as sulfuric or trifluoroacetic acid [11], we use formic acid, a relatively weak
carboxylic acid, which is completely compatible with the water-PMC dispersion, and hence
facilitates efficient mixing of CNFs in polymer dispersions. Using this approach we obtain a
number of such dispersions capable of producing superhydrophobic (water sessile contact angle,
CA > 150°), self-cleaning (sliding angle < 10°), and superoleophobic (oil sessile CA > 150°)
composite coatings when spray cast and dried on either smooth or low-cost textured surfaces
(i.e., sand paper). Using sand paper of varying grit sizes, conformal coatings with different
concentrations of CNFs were fabricated featuring different micro and nanoscale roughness.
Nanoscale features were tuned by using different CNF concentrations in the polymer matrix.

In the following, we study the influence of micro/nanoscale roughness of these coatings on

sessile contact angle and roll-off angle for both water and oil. Finally, we demonstrate, as an
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example, the application of the present technique with an alternative carbon nanofiller; by
replacing the long hollow-core CNFs with similar diameter but shorter solid-core carbon fibers
(henceforth termed nanowhiskers), PMC-carbon nanowhisker inks were prepared and ink-jetted
producing linear patterns with feature size ~100um. These inks can be formulated to display
good substrate adhesion and electrical conductivity, in addition to their water and oil repellent
properties, which are envisioned for the microelectronics industry. To date, only CNT-based
suspensions (no polymer matrix) have been demonstrated for ink-jet applications (e.g. thin film
transistors, etc.) with no studies reported on the wettability or adhesion of the deposited ink

patterns [15-25].

2. Experimental
2.1. Materials and Preparation of CNF/PMC composite

Carbon nanofibers (PR-24-XT-HHT; Pyrograf 111) were obtained from Applied Sciences Inc.,
USA. These CNFs were hollow with partially cup-and-cone structured graphitic walls and well
characterized pretreatment-dependent mechanical properties [26]. Typical diameter of these as-
received CNFs was 100 nm with characteristic length ~130 um; see Supplementary Information.
The PMC was obtained from DuPont as a 20 wt. % dispersion in water (Capstone® ST-100).
Reagent grade formic acid, acetic acid, and acetone were obtained from Sigma Aldrich (USA)
and used as received. Deionized water and mineral oil (White, Heavy; Sigma Aldrich Product
#330760; surface tension 28.54 mN/m, density 0.862 g/cc) were used as probe liquids for contact
and roll-off angle measurements.

The CNF dispersions were prepared as follows. Initially CNFs were dispersed in formic acid

in five different concentrations of 0.5, 1.0, 1.5, 2 and 3 wt. %, using a high power probe
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ultrasonic processor (Vibra-Cell, VCX-750, Sonics & Materials, Inc.) operated at 70 %
amplitude for 5 minutes. Subsequently, an equal volume of acetone was added to the CNF
dispersions and sonication was continued for another 5 minutes. It was found that sonication not
only separated the CNF clusters, but also broke down the initially long fibers to lengths within
the range 10-30um. Separately, as-received aqueous PMC dispersion was diluted by mixing with
formic acid and acetone to obtain a volume ratio of 1:1:2 (20 wt. % PMC in water : formic acid :
acetone). Diluted PMC and each of the five different CNF-in-formic-acid dispersions were then
mixed in such proportion that the CNF content in the final dispersion was either 10, 20, 30, 40 or
60 wt. % of the PMC polymer. The final CNF/PMC dispersions were applied by spray
deposition on microscope glass slides and on sand paper of varying grit sizes corresponding to
different microscale roughness. An airbrush atomizer (Paasche, VL siphon feed, 0.55mm spray
nozzle) was used to spray the dispersions. Spray cast films were dried at 90°C under a
convective air flow space heater for 30 minutes. Care was exercised to control the final thickness
of the composite films on sand paper so that they conform to the micro-texture of the underlying
terrain rather than completely smoothen the substrate. Specifically, four spray passes were used
to apply thin conformal coatings on sand paper. In this case, an upper bound estimate of the
average coating thickness was 5um, as based on the projected area of the substrate (an under-
estimation of the actual textured surface area) and the mass of deposited dry CNF/PMC material.
Thicker films, on the other hand, required several tens of spray passes over the smooth glass
slides used for the electrical conductivity measurements.

Stable PMC-carbon nanowhisker dispersions for ink-jetting were produced by a similar
process. Carbon nanowhiskers (150 nm dia., 6-8 um long; see Supplementary Information) were

procured from Sigma-Aldrich, USA. The nanowhiskers were first combined with acetone and
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sonicated for 10 min. Next, acetic acid (an alternative carboxylic acid) was introduced into the
suspension and the sonication was continued for another 10 min. Finally, 20 wt. % PMC in water
was added to the suspension and sonication was maintained for 10 min. For ink-jetting, the final
dispersion was diluted with water to a level such that the collective concentration of carbon
nanowhiskers and PMC in the solution was less than or equal to 1.5 wt. %. Ink jetting was

performed by a MicroFab JetLab® 4XL system equipped with a 60 um diameter nozzle.

2.2 Coating Characterization

Composite film thickness was measured using a calibrated high-quality optical microscope
(OLYMPUS-BX51). Conductivity of CNF/PMC composite films deposited on glass slides was
measured by a Keithley 6517 electrometer using the two-probe technique. Silver paint electrodes
were applied locally on the films to minimize contact resistance between the films and the
probes. A JEOL JEM-3010 (300 kV) instrument was used to obtain high resolution transmission
electron microscope (TEM) images of the particle fillers. A scanning electron microscope
(Philips XL30 ESEM-FEG) was used to analyze the surface morphology of the dry films. A
backlit optical image setup employing a high speed camera (Red Lake Motion Pro, USA) and a
tilt stage were used to measure sessile droplet CAs and liquid mobility on the composite films. A
micro-syringe was used to dispense 6-8 pl droplets of deionized water or mineral oil on the
treated surfaces. Measurements were carried out by placing sessile water or oil droplets on a
horizontal surface and subsequently tilting it until roll-off occurred. The droplet roll-off angle
was defined as the minimum tilt angle required for droplet rolling. In many cases, especially with
oil, roll-off did not occur even at 90° tilt. At least ten different CAs and roll-off angle

measurements were made at different locations on each of the CNF/PMC composite coatings.
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The present approach relies on static CA to designate super-repellency and on droplet
roll-off angle to assess liquid mobility (the ability of a surface to shed liquid). The static value of
CA is smaller than its advancing counterpart, which is suggested in [27] as a more reliable
measure of repellency. To this end, the value of static CA offers a more conservative criterion for
super-repellency (i.e. CA > 150°). As also reported in [27], liquid mobility correlated with the
difference between the forward (maximum) and rear (minimum) CAs in a sliding droplet
configuration on an inclined plate. However, this approach is not possible in the present study, as
in many cases the droplets (especially oil) did not slide down the tilted surfaces, but rather
remained stuck to them. We thus resorted to measure droplet roll-off angle, which offers an

unambiguous criterion of liquid mobility on a surface when droplet rolling occurs.

3. Results and Discussion

3.1. Dispersion Considerations

Superoleophobic composite design and fabrication is considerably more difficult to achieve than
superhydrophobicity, mainly because the former requires the creation of special hierarchical
surface texture using very low surface energy materials [28]. For instance, micro-roughness
having high degree of tip curvature, such as micro hoodoos or mushroom like features, is
required instead of simple micron sized beads (bumps) so that low surface energy liquids (e.g.
oils) can be maintained at a metastable Cassie-Baxter (non-wetting) state rather than the Wenzel
(wetting) state. High-temperature-treated CNFs having highly graphitic walls are inherently
hydrophobic [29]. Practically, high aspect ratio nanostructured materials can be self-assembled
or grown into hierarchical structures (in the absence of a binding polymer matrix), which can

display self-cleaning behavior, also known as the lotus effect [30]. In general, however, due to
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their high surface energy, such nanostructured materials (such as exfoliated clay platelets) need
to be surface functionalized with hydrophobic macromolecules to display the lotus effect.
Nanostructured carbon materials, such as CNFs and CNTSs, can assemble into such structures
provided that they are carefully grown in a unidirectional manner on select surfaces (i.e., CNT
nanoforests on silicon wafers) from precursors using vapor deposition [31]. But these structures
are delicate and lack durability due to the absence of an embedding and adherent polymer matrix.
Simple and cost-effective techniques to fabricate durable and reusable CNF- or CNT-in-polymer
composite films displaying the lotus effect are being sought because these nanomaterials are also
electrically conductive [32]. There are two main problems to overcome: a) Difficulties in
creating efficient and stable dispersions of long CNFs in a suitable solvent/polymer system, and
b) identifying the right combination of surface morphology and surface energy of polymer
matrix and filler material to cause lotus behavior. Owing to the hydrophobic nature and high
aspect ratio of high-temperature-treated CNFs, their direct dispersion in water alone is very
challenging. Addition of polar and water miscible solvents, such as acetone, may improve
dispersion, but even in that case, CNFs begin to agglomerate and precipitate in solution at a fast
rate. It has been reported [11] that introduction of TFA (trifluoroacetic acid) as a co-solvent
improves the stability and dispersibility of CNTs in various organic solvents. In the present case,
we demonstrate good performance with a much less aggressive carboxylic acid, namely formic
acid, as co-solvent to disperse long CNFs efficiently. CNFs can be dispersed in formic acid to a
certain extent. They still form large agglomerates in time, which practically hinders casting of
films of uniform morphology. To this end, it is important to choose a polymer that will not only
provide liquid repellency for the resulting composite coating, but also facilitate a high degree of

CNF dispersibility and stability in the continuous phase prior to spraying. The PMC polymer
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used in the present work has amine-based acrylic cationic (hydrophilic) and fluorinated
(hydrophobic) segments [33]. The acrylic segment promotes better adhesion, as compared with
its liquid-repellent, perfluorinated counterpart. In the presence of water, the hydrophobic side
chains of the polymer tend to orient towards the hydrophobic wall of the CNFs (Fig.1). The pH
value of the dispersion has a critical role in charging of cationic segments associated with the
PMC chemistry, and hence on the stabilization of the dispersion. In the absence of formic acid,
the pH is very close to neutral as only water and acetone co-solvents are present in the
dispersions. Under such nearly neutral pH conditions, the polymer is not properly ionized, and as
a result, the CNFs tend to come close to each other and eventually form large aggregates in the

co-solvent, as schematically shown in Fig. 1 (top row).
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Fig. 1 - Schematic of the effect of formic acid on CNF dispersion stability. CNFs phase separate in the absence
of formic acid (top panel), whereas CNFs disperse and produce ink like stable dispersions (bottom panel) in
the presence of formic acid.

Introduction of formic acid into the system reduces the pH of the multicomponent solvent
and starts ionizing the PMC. This allows CNFs with adsorbed PMC to be stabilized and
separated by charge repulsion forces, which oppose hydrophobic interactions. Thus, aggregated
CNFs start to disperse in the suspension after formic acid addition (Fig. 1 bottom row).
Ultrasonic processing drastically improves this dispersion further by breaking up the aggregated
CNFs.

To further assess the role of PMC on CNF dispersion quality in the acetone/water/formic acid
solvent system (continuous phase), dispersions were prepared with formic acid as described
above, but without PMC. The left vial in Fig. 2 contains a dispersion with 1 wt. % CNF in an
equal volume mixture of acetone, water and formic acid. When the vial was shaken
mechanically after the dispersion was prepared, small CNF agglomerate deposits started to
appear on the vial walls (red circled region in Fig. 2). Although the size and occurrence
frequency of these agglomerates is much smaller than that in water or water/acetone mixtures in
the absence of PMC, these agglomerates drastically reduce sprayability. On the other hand, when
the CNF dispersions were prepared with PMC, no aggregate deposits on the vial walls were
noticed (see right vial in Fig. 2) and dispersion sprayability was very efficient and repeatable. It

is thus concluded that the role of PMC in obtaining an aggregate-free suspension is critical.

10
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CNF dispersion CNF dispersion
without PMC with PMC

Fig. 2 - Role of PMC during CNF dispersion in acetone, formic acid and water mixture. (Left) Without PMC,
large aggregates form (red circle); (Right) With PMC, superior CNF separation prevents aggregate

formation.

Analysis of TEM images (Fig. 3) of CNFs extracted from PMC-free (control) and PMC-
containing dispersions indicate that PMC forms a thin polymeric layer on the CNF walls (Fig.
3b), which can further facilitate CNF dispersion. In the presence of formic acid in solution,
adsorbed PMC could be charged since the pH of the continuous phase is lowered by the acid. In
other words, the presence of formic acid increases the cationic behavior (pH ~ 2.3) of the
adsorbed polymer layer, which in turn, makes the CNF walls positively charged. Hence, CNFs
start to repel each other and thus overcome the forces associated with hydrophobic interactions,
eventually dispersing efficiently in the continuous phase [34]. It is important to note that formic
acid did not chemically functionalize or oxidize the CNF walls, as indicated by the absence of
distortions on the walls of formic acid-treated CNFs (Fig. 3a). Such distortions have been

previously observed after exposure of CNFs to nitric acid.

11
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Fig. 3 - High resolution TEM image of CNF walls (a) after formic acid treatment; inset shows enlargement of
intact graphene layers of CNF wall, indicating no chemical modification; (b) after treatment with formic acid
and fluoropolymer dispersion diluted to 0.01 wt%; inset shows detail of polymeric layer adsorbed over the
outer CNF wall composed of intact graphene layers.

3.2. Coating Surface Morphology
The surface micro morphology of a thick (150 pum) composite film deposited on smooth paper

and containing 25 wt. % CNFs in the PMC polymer matrix is shown in the SEM micrographs of
Fig. 4. The film surface appears to be made up of randomly distributed micro bumps of different
sizes and shapes (Fig. 4a) resembling the lotus leaf surface morphology. Surprisingly, the higher
magnification image (Fig. 4b) indicates that these bumps are in fact made up of CNF bundles
bound together by the polymer matrix. Therefore, CNFs form the required re-entrant, sub-micron
roughness features within the larger (micron-scale) texture in these composites, thus causing

high static water/oil contact angles.

12
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Fig. 4 - Scanning electron microscope images showing surface morphology of a thick coating (on smooth
paper) comprising 25 wt. % CNFs within the PMC polymer matrix. (a) Low magnification surface topology,

and (b) enlargement of sub-micron surface roughness due to CNF bundles held together by the polymer.
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Fig. 5 - Variation of (a) sessile contact angle and droplet roll-off angle for water and oil, and (b) electrical

conductivity with CNF loading for thick composite coatings applied on smooth glass slides.

3.3. Large-Area Coating Wettability and Effect of Underlying Substrate Roughness
The liquid repellent properties of spray cast CNF/PMC composite coatings applied on glass

slides and having varying CNF concentrations are reported in Fig. 5a, where static water and oil
contact angles are plotted along with water and oil droplet roll-off angles as a function of CNF
concentration (in wt. % of the dried composite coating). For both water and oil, sessile contact

angle increases and levels off with increasing CNF content. A transition from hydrophobic to

13
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superhydrophobic state is observed when CNF concentration reaches 30 wt. %. The same trend
is apparent for oil, where superoleophobicity (CA > 150°) is reached at 60 wt.% CNF
concentration. Water droplet mobility (rolling) is observed at a minimum CNF concentration of
30 wt.%, but the roll-off angle is about 14°, slightly above the acceptable range for self-cleaning
behavior (below 10°). At CNF concentrations above 30 wt.%, the water roll-off angles are well
within the self-cleaning regime. Oil droplet mobility is observed only at 60 wt.% CNF loading,
with the roll-off angle ~9° indicating self-cleaning behavior. In lower CNF loadings, the coatings
display a “sticky” oleophobic surface (no droplet rolling) even when static CAs reach almost up
to the superoleophobic threshold (for example at 40 wt.%). These films also display the
additional functionality of electrical conductivity (Fig. 5b); this quantity increases from 63 S/m
(at 10 wt. % CNF) to 940 S/m (at 60 wt. % CNF) being well within the electromagnetic
interference (EMI) shielding range [5].

In order to study the effect of underlying substrate roughness on coating repellency, thin
conformal coatings were deposited on silicon carbide sand papers of different grit sizes. Sand
papers of grit size 280, 600, 1200 and 1500 were used for this purpose with corresponding mean
surface roughness of 45, 15, 9, and 5 um respectively. Figures 6a, b display the morphology of a
25 wt. % CNF-containing polymer composite coating deposited by spray on a 600 grit sand
paper substrate. Highly microporous polymer films with pores separated by thin polymer walls
(sponge-like) are known as polymer foams; the associated surface morphology is commonly
referred to as microcellular morphology [35]. Formation of such microcellular morphology is
seen in Figs 6a, b and is attributed to the underlying substrate roughness, as compared to the
morphology on a smooth glass substrate (Fig. 4a) which is lacking the micro-porous feature.

Figure 6¢ displays the same 600 grit sand paper substrate in its bare state. In order to allow SEM

14
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observation, the sand paper sample was first coated with a 5-nm thick layer of
platinum/palladium. Comparison of Figs 6b and 6c reveals the conformal character of the

deposited CNF/polymer film.

Fig. 6 - (a) Scanning electron microscope image showing morphology of a conformal superhydrophobic
CNF/PMC composite (25 wt. % CNF in total solids) spray-deposited on a 600 grit sand paper (average
roughness 15 um). (b) Higher magnification image showing coverage of sand paper micro roughness with the
CNF/PMC composite web. (c) SEM image showing surface morphology of the bare 600 grit sand paper.

15
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Fig. 7 - Variation of water (a) sessile contact angle and (b) droplet roll-off angle with CNF loading for
conformal composite coatings deposited on sand papers of different micro-roughness (grit size in legend).

Increasing grit size indicates reduced roughness.
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Fig. 8 - Variation of oil static contact angle with CNF loading for conformal composite coatings deposited on

sand papers of varying micro-roughness (grit size in legend).

Detailed water sessile contact angles and droplet roll-off angles as a function of CNF

concentration in total solids and substrate roughness are presented in Fig. 7. For any given

16



This article appeared in Carbon, Vol. 50, pp. 1346-1354 (2012)

composition, water CA increases with decreasing mean substrate roughness, while water droplet
mobility increases (i.e. roll-off angle decreases) with decreasing roughness. In particular,
significant changes are observed when the mean substrate roughness reduces from 45 um to 15
um for all composite films. Only for the finest sand paper (5 um mean surface roughness),
superhydrophobic self-cleaning behavior is observed at all CNF loadings. For the roughest
substrate with surface roughness of 45 um, superhydrophobic self-cleaning behavior is attained
only at the highest CNF loading (40 wt.%). For the other two substrates with mean surface
roughness between 9 and 15 um, self-cleaning superhydrophobic behavior is observed for CNF
concentration at or above 20 wt. %, as compared to the 30 wt. % threshold required for such
behavior on the films applied on smooth glass substrates (Fig. 5). This observation confirms the

importance of underlying substrate texture on superhydrophobic behavior.

In the case of oil repellency (Fig. 8), for substrate roughness below 15 um, significant jumps
in static CAs are observed as the CNF concentration rises from 10 wt. % to 20 wt. %. On sand
papers with grit sizes of 1200 (9 um mean roughness) or 1500 (5 um), composites with CNF
concentrations near or above 20 wt. % resulted in superoleophobic behavior with static oil CAs
exceeding 150°. However, oil mobility on these apparently superoleophobic films was not
observed (no droplet rolling even at 90° tilt angles), thus classifying these films as “sticky”
superoleophobic composites. We argue that this behavior is due to the disappearance of
microcellular structure when the mean substrate roughness decreases. Based on an earlier study
of PMC/zinc oxide composites [3], self-cleaning superoleophobic behavior was observed when
the PMC polymer matrix assumed microcellular structure, as created by a controlled solvent

inversion technique during spray atomization [3]. Inspection of the ESEM micrographs in Fig. 9

17
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indeed shows that the microcellular morphology is absent on coatings applied on the 1200 and
1500 grit (finest) substrates. As mentioned earlier, self-cleaning, low-surface-tension liquid (oil)
repellency can only be achieved when dual-scale (micro/nano), uniformly-distributed roughness
features with strong surface curvatures are created on very low surface energy (perfluorinated)
surfaces. Absence of such features on the 1200 and 1500 grit surfaces in Fig. 9 probably causes
increases in oil CA hysteresis, although the existing surface texture -due to randomly assembled
CNFs in the PMC polymer matrix- appears to be sufficient to cause high static oil CAs.
Nonetheless, even though the corresponding static oil contact angles are high, oil droplets tend to

stick on these coated surfaces [36].

Fig. 9 - Scanning electron micrographs showing surface morphology of CNF/PMC (25 wt. % CNF in solids)
CNF/PMC composite films spray cast and dried on (a) 1200 grit, and (b) 1500 grit sand paper surfaces. The

inset in (b) shows an enlargement of the marked area.

3.4. Microscale Application: Ink-Jet Printed Patterns
Inkjet printing is an attractive method for depositing spatially alternating wettable and non-

wettable patterns [37]. The dispersions developed for the CNF/PMC composite fabrication
cannot be used for ink-jet printing purposes, as the long CNFs cause frequent device orifice

clogging. Instead, we produced carbon nanowhisker-PMC ink suspensions and generated

18
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conducting and liquid repellent line patterns with feature size of 100um. Figure 10 shows ink-jet
printed superhydrophobic micro-ribbons generated on a Mylar substrate from a dilute carbon
nanowhisker/PMC (wt. ratio of 1:1) dispersion. The printing was performed in the drop-on-
demand mode at a dispensing frequency of 500Hz. The device orifice diameter was 60um,
generating monodisperse droplets with diameters in the range 70-75um. The spot pitch was
maintained constant at 40um, translating into a printing speed of 20mm/s. The distance of the
device orifice from the substrate was 0.5mm. Although the dark streaks in Fig. 10 show spatial
non-uniformities caused during drying (coffee stain effect [38]), the lines were confirmed to be
conductive. The intermittent area in between the dark lines in Fig. 10 has the wetting properties
of the underlying substrate, thus requiring no further treatment. The example of Fig. 10 shows
the potential of the present technique, but also displays the spatial uniformity challenges that
must be overcome when applying these linear patterns [39, 40]. Such patterns may be of value in
microelectronic applications where conductive lines need also be liquid repellent. These
composite lines are both electrically and thermally conductive due to presence of CNFs as filler.
Patterning these composite films in specific geometric shapes, different non-metallic
electromagnetic devices (such as polarizers, band-pass filters, etc.) can be prepared; due to their
high liquid repellency, these devices will be corrosion resistant, offering an advantage over

metals.
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Fig. 10 — Hydrophobic and conducting carbon/fluoropolymer composite lines printed on a hydrophilic Mylar
substrate (yellow background) from a dilute carbon nanowhisker/PMC solution using an ink-jet nozzle of 60
um dia. The carbon nanowhisker concentration in the dried composite film is 50 wt. %. The dark areas

depict high content of nanowhiskers, while the bright areas indicate lack of the particle filler.

4. Conclusion

We developed a simple CNF/polymer dispersion formulation that can be applied over large areas
by spray to produce electrically conducting, composite films of tunable oil and water wettability,
reaching well into the super-repellent regime. Long CNFs (>100 pum pre-sonication) were
effectively dispersed in a multi-component solvent system comprising formic acid, acetone and
water with the addition of a commercially available aqueous fluoropolymer (PMC) dispersion.
The effects of CNF and polymer concentration on the degree of water and oil repellency were
evaluated by means of static contact angle measurements. Liquid mobility was assessed in terms
of droplet roll-off angles on inclined surfaces. Conformal composite films were spray cast on
substrates with varying micro roughness (sand papers with 280-1500 grit roughness) to examine
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qualitatively the effect of underlying substrate microtexture on coating morphology, as well as
on water/oil repellency and droplet mobility. The present CNF/PMC composite films can find
application as EMI shielding materials, for prevention of surface ice accumulation (via the local
addition of heat), or as water-oil separation materials. A microscale application was also
demonstrated by ink-jetting hydrophobic composite linear micropatterns using shorter-length
carbon fibers (nanowhiskers), which allow long-term ink-jet operation without device clogging.

Such fine patterns have potential in microelectronic applications.
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