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Abstract

Carbon nanotubes are allowed to self-assemble by depositing a droplet of a water dispersion thereof
and letting it evaporate on a polycarbonate substrate. The effect of the number of droplets, evaporated
on the same deposition spot, on the self-assembly density is assessed to be more than proportional
for the first five depositions. The obtained nanoporous nanostructures are further tested for their
electrical resistance and wettability. Two concentrations are used. It is found that a higher
concentration and more importantly a higher number of droplet depositions causes the electrical
resistance to decrease up to four orders of magnitude and the static contact angle to decrease more
than three times. The contact angle hysteresis also increases due to an increasing advancing contact
angle and a decreasing receding one. This is explained by the degree of coverage of the substrate by
the carbon nanotubes as is also shown by scanning electron microscope images. A better coverage is
suggested to cause more pinning for an advancing droplet and a higher capillary force for a receding
droplet.
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Introduction

Self-assembly has many applications. It is applied in the medical sector [1]. It can also be used
for energy storage [2] or in membrane technology [3]. As a principle, the deposition of micro- and
nanoparticles on a substrate is relevant for manufacturing different kinds of coatings [4], but also to
prepare micro-and nanowires [5] and to deposit complicated organized biological structures, such as
DNA [6,7]. There are several ways to achieve particle deposition, such as dip coating, sedimentation
and electrostatic assembly. Convective deposition and more particularly drop evaporation are
convenient ways to deposit micro- and nanoparticles [8]. The amount of fluid used is minimized,
possibly inducing economic advantages, and the outcome can easily be controlled, by choosing initial
parameters [9].

The interest lies in creating patterned structures out of evaporating drops, which can be of use
for energetic and medical applications. The deposited patterns that are left by the evaporated colloidal
drops can present a multiplicity of structures, such as the ring structure [10], a central bump [11], a
uniform deposit [12], or more complex structures such as multiple rings [13] and hexagonal arrays
[5]. This variety of patterns reflects the multiscale attractive forces and transport phenomena taking
place during the droplet evaporation. As for the fluid dynamics, several mechanisms play an
important role, depending on whether a droplet is deposited directly on the substrate or dropped from
a certain height. If droplet impact is associated, the fluid dynamics are determined by the Reynolds
and Weber number of the droplet impact [9], as well as the impact angle, interfacial deformation or
break-up. Marangoni forces, wetting characteristics and evaporation at the free surface are other types
of mechanisms that influence the fluid dynamics. The heat transfer, not only associated with the
evaporation (cooling) but also with conduction from the substrate, is coupled to the fluid dynamics
and the two influence each other in a complex manner. Mass transfer also occurs, either by diffusion
of the vapor of the liquid around the drop, by convection-diffusion of particles in the drop or by
particles interactions with the substrate surface. If the radial flow is strong, it will carry particles
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towards the pinned wetting line, where evaporation is the highest, forming the so-called coffee-ring
[10,14]. If thermal Marangoni forces are more important, a particle accumulation can take place
around the center of the evaporated drop [15]. Uniform depositing can also occur by self-assembly
[12,16]. It is worthy to note that the interaction between the particles and the substrate can play an
important role in the final shape of the patterns [16].

Self-assembly in evaporating nanofluid droplets has already been investigated and has been
reasonably well investigated [17-21]. However, the methods used in these studies can demand for a
high concentration of nanoparticles in the deposited droplets. Although a certain tendency to
agglomerate is beneficial to the self-assembly process, this can lead to too much aggregation of the
particles even before they adhere to the substrate. A great part of the self-assembly can thus take
place in the liquid leading to agglomerates of different uncontrollable sizes, which causes uneven
layers of particles on the substrate. In order to avoid this, the concentration should be low. However,
this would lead to insufficient coverage of the substrate. A solution to this problem is self-assembly
by evaporating multiple nanofluid droplets at the same place, one after the other. Although, this is a
promising solution, it is still an open field, and the subject of this paper. Before any theoretical or
parametrical work can be performed, we need first to have an idea of how the particle self-assembly
affects some material properties that are of large interest: we choose to measure experimentally the
electrical resistance and the wetting behavior through the static contact angle as well as the advancing
and receding contact angles (contact angle hysteresis). The nanofluid in this paper is a dispersion of
carbon nanotubes in water with two different concentrations, and the droplets are deposited on a
polycarbonate substrate. In order to understand better the observed behaviours, the nanofluid and
deposited nanotubes are respectively characterized by particle size distribution and scanning electron
microscopy. This work should also give some insight on whether a certain wetting behavior or
electric conduction can be attained by either changing the nanofluid concentration or rather by
changing the number of evaporated droplets containing that same nanofluid.

Experimental
Multi-drop setup and self-assembly process

We propose to perform our multi-drop experiment by depositing droplets that contain nanotubes and
let them evaporate at room temperature. The Marangoni instability in the droplet is rather strong for
the dimensions used in this work (25 pl) [22] and we can expect that at these dimensions the motion
in the droplet will be triggered as soon as the droplet is deposited. This implies that the timescale of
droplet spreading, t,,, (We have deposited the droplet in such a way as to avoid splashing, so that
only the spreading phenomenon is of importance here) should be in the same order of magnitude as
or smaller than that of thermocapillarity, t,,, (Marangoni effect). The thermocapillary (Marangoni)

timescale can be obtained from the definition of the Marangoni number Ma = "T;in = Ithivisc Here,
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oy 1s the temperature-induced surface tension gradient (typically, but not always, a negative number,
but we will take the absolute number here for the purposes of this work) along the droplet’s surface.
Furthermore, r is the droplet radius, AT, is the global temperature difference along the droplet’s
surface (perpendicular to the evaporation direction), u is the dynamic viscosity (u = vp, with v the
kinematic viscosity and p the density) and « is the thermal diffusivity. Using the usual thermal and
viscous timescales, the thermocapillary timescale can be easily found to be
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The timescale of droplet spreading is taken from [23]:
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We can extract from this the ratio 2% = /ﬁ Using material properties for water (o = 7.28 *
T 1
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1072 N/m [9] at ambient temperature and o, = —1.54 * 10~* N/mK [24]) give the value ;M—“ ~
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J%- Typically, for evaporating water droplets, AT, = 0(1) — 0(10) K [25], so that typically 22 =
1

tspr

0(1) — 0(10). This means that the Marangoni timescale is estimated to be of the order of magnitude
of that of the droplet spreading or one order larger. Therefore, we can state safely that Marangoni
instability will be triggered as soon as (just for information, Eqg. (1) gives us an estimation of the
Marangoni timescale for a 25ul droplet: t,,, & 0(10?) ms) or shortly after the deposition of the
droplet (£, = 13 ms). Pattern formation induced by the Marangoni mechanism will therefore not
be so much influenced by droplet spreading. After deposition, the nanotubes will then move along
and create a certain pattern on the substrate after the evaporation process. Single drop evaporation
has been studied previously [9]. In this work, we continue to deposit another droplet on the same
spot, which evaporates again. This is repeated several times. In this way a certain self-assembled
structure is obtained. We use two concentrations for our nanofluid: 1 and 2 g/l. Fig. 1 shows a picture
of the multi-drop experiment, where 17 spots for droplet deposition are available one next to another.
So, we will have nanotube depositions by evaporating one nanotube-containing droplet on the first
spot, two on the second spot, three on the third one, ..., up to seventeen on the seventeenth spot.
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Figure 1: Picture of the multi-drop experimental setup with seventeen droplet deposition spots on a
deposition strip (see Fig. 5)

The position of the droplet is controlled by a motor with a precision of 0,01 mm. The droplets are
deposited by a syringe with a size such that it creates droplets with a volume of 25 pl on “elevated
spots” on the polycarbonate substrate with a diameter of 6 mm. The droplets are deposited on these
elevated spots to create a pinning behavior, which allows avoiding uncontrolled spreading of the
nanofluid droplets, guaranteeing approximately the same spherical form (so that we can be sure that
the obtained results are caused by the difference in concentration and amount of deposited drops) and
assuring the ability to concentrate the nanotubes on a small controlled surface to facilitate self-
assembly. The droplets are illuminated by a light source so that a camera from the other side (by
means of a detecting software) can measure the contact angle. The principle of the droplet deposition
is shown in Fig. 2, where only three droplet deposition spots are shown, for convenience.
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Figure 2: Schematic representation of the self-assembly process.

Schematically, the procedure is as follows: (a) we deposit a certain number of droplets next to each
other; (b) after evaporation, the nanotubes stick to the polycarbonate substrate; we add another
droplet, except for the left spot; (c) after evaporation, a thicker deposition is obtained on the second
and third spot from the left; we add again another droplet, except for the first two spots; (d) after
evaporation, the third spot from the left shows an even thicker deposition. This can then be repeated
as much as wanted. In this work, we repeat the procedure to a maximum of seventeen times. Note
that each consequent droplet does not necessarily deposit the nanotubes on previously deposited
nanotubes, but can fill empty spots (where the substrate is still open to the air) from previous
depositions.

Measurements
Characterization of particle and self-assembly morphology

We characterize the morphology of the carbon nanotubes by means of two methods: particle size
analysis and Scanning Electron Microscopy (SEM).

The particle size distribution is measured by using a Shimadzu (SALD 7500) nano particle size
analyser. This measurement is based on laser diffraction spectroscopy. The nanotubes are dispersed
in water with a certain concentration without any dispersion agent, allowing therefore the formation
of colloids (for the self-assembly) during the multi-drop experiments.

The Scanning Electron Microscope is used to visualize at different zooms the structuration of the
deposited carbon nanotubes in order to assess the created densities. The deposited nanotubes are first
sputter-coated in gold and then placed on a graphite support into a specimen chamber before
reproducing the images.

Electrical resistance
Fig. 3 illustrates the principal coupling scheme for the four-point resistance-measuring method.

U

Figure 3: Principle coupling scheme for four-point resistance measurement setup.

The four-point probe consists of a current source, U, with current, I, measured by an amperemeter,
A. The four-point method is more reliable than the two-point method (where the voltage is measured
directly over the measuring probes) for measurements on surfaces. By passing a current through the
two outer probes, the voltage, V, is measured through the inner probes, where all the probes touch
the sample to be tested. The electrical resistance that is measured is called the sheet resistance, R,
and is given by [26]:

RS = —-— 3)



Wettability

After having deposited the carbon nanotubes by droplet evaporation, it is the purpose to measure the
extent to which this deposition influences the wettability of the substrate. To this end, we place
droplets of testing fluids on the deposition spots that are already previously covered (except, of
course, the untreated substrate) by a certain amount of carbon nanotubes (depending on the number
of depositions). The static contact angle will be measured by the static sessile drop method and the
advancing and receding contact angles by the dynamic sessile drop method. The contact angles are
determined using a goniometer (Drop Shape Analysis System, DSA100, Kriss GmbH), equipped
with a micro-syringe steel needle of 0.5-mm diameter. For static contact angle measurements, the
syringe needle was positioned 0.2 mm from the surface of the colloidal film, and a droplet of 1 pl of
the testing liquid was deposited at the center of the carbon-nanotube-covered elevated spots, far from
the border. This, in order to avoid pinning behavior and allow the static contact angle to be solely
dependent on the testing liquid and the covered substrate. For the receding and advancing contact
angles the same experimental setup is used, applying positive and negative pressures on the drop by
the syringe, whilst it is deposited on the substrate. We use as testing liquid water and ethylene glycol.
After deposition, the drop shape was monitored with a digital camera, and the contact angle was
determined. To determine the contact angle, the drop contour was mathematically described by the
Young-Laplace equation using DSA100, and the contact angle was determined as the slope of the
contour line at the three-phase contact point.

Results and discussion
Morphology and characterization

The 1 g/l carbon nanotubes dispersion is put through a Shimadzu (SALD 7500) nano particle size
analyser. Fig. 4 shows the particle size distribution.
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Figure 4: Particle size distribution of carbon nanotubes.

We can see from Fig. 4 that the size distribution is rather narrow, with an average particle size of 27
nm with a deviation of +/- 6 nm. Another peak arose around 1 pm (not shown here), which
corresponds to the length of the nanotubes. We are, however, rather interested in the diameter of the
agglomerated nanotubes. The nanotubes before dispersion have a diameter of 2 to 5 nm. So the result
from Fig. 4 shows that agglomeration takes place, which is favorable to the self-assembly process.
Fig. 5 shows a top-view image of the seventeen evaporated droplets, where it can be nicely seen how
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the spots get darker and darker from left to right. This corresponds by a better surface coverage of
the substrate by the carbon nanotubes. In order to know whether the coverage of the deposition is
regular, Scanning Electron Microscope (SEM) images are taken for the first five droplet deposition.

Figure 5: Top-view image showing the remnants of an incremental amount of deposited
carbon nanotube droplets from left to right.

Figs. 6 to 8 show the SEM results of the self-assembled structures of the deposited carbon nanotubes
with magnifications of, respectively, 800 x, 50.000 x and 250.000 x. Each figure presents images
after one, two, three and five evaporated drops, respectively.

Figure 6: SEM images (800 x) of the self-assembly of carbon nanotubes after evaporation of
one, two, three and five drops.

Figure 7: SEM images (50.000 x) of the self-assembly of carbon nanotubes after evaporation
of one, two, three and five drops.



i

—

- — ~a
TN S R |
- N — -~ ¥ i

~ ) »
.

Figure 8: SEM images (250.000 x) of the self-assembly of carbon nanotubes after
evaporation of one, two, three and five drops.

Figs. 6 to 8 show that after evaporation of one droplet, a certain pattern of deposited nanotubes
(shown in lighter contrast) is identifiable, although a great part of the substrate (shown in darker
contrast) is still uncovered. After two evaporated droplets, the difference is noticeable. After three
evaporated droplets, the results show a clear difference, presenting a nanoporous structure. Fig. 6
shows that not only the substrate is more covered, but also a higher density of nanotubes is obtained.
After five drops, it can be seen that the drop already causes a self-assembled dense structure, which
is even denser after five evaporated drops. Fig. 7 shows, furthermore, that more and more nanotubes
(white spots) form small colloids, which indicates that colloidal forces become more important after
more droplets are evaporated. Fig. 8 shows clearly the denser structure approaching a sort of
nanoporous structure. Altogether, Figs. 6-8 show that, despite the dense structure, some spots of the
substrate are still not fully covered. It is interesting to investigate what influence this coverage can
have on the electric resistance and wettability.

Electrical resistance

The probe is placed on three different spots and the measurements are repeated twice. An average
value is calculated with an error ranging from 50% to 10% for an amount of deposited droplets
ranging from 1 to 17. The large error at a low amount of deposited droplets is probably due to the
unequal depositing of the carbon nanotubes on the substrate. Therefore, depending on where the
measurement is taken, different electric resistance values can be found. The sheet resistance as a
function of the amount of deposited droplets is presented in Fig. 9.
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Figure 9: Sheet resistance as a function of the amount of deposited droplets for two
concentrations of carbon nanotubes dispersions.

We can cee that in general the electrical resistance decreases when the number of deposited droplets
increases. This is quite understandable, since for few deposited droplets the surface is not fully
covered by the carbon nanotubes. This can also be seen in Figs. 6-8, where even at five droplets a bit
of the substrate is still visible. Most of the electric resistance decrease occurs during the deposition
of the first five droplets, which corresponds to the large change in self-assembly density observed in
Figs. 6-8. Nonetheless, the substrate coverage is not optimal and more droplet depositing is needed.
As the number of deposited droplets increases, the coverage of the substrate becomes better and better
and a better electrical conductivity is obtained, which is observed here as a decreasing sheet
resistance. From Fig. 9, it appears also that after 13 deposited droplets the sheet resistance hardly
decreases, but seems to attain some kind of plateau. Fig. 9 also shows that a higher concentration
gives generally rise to a lower sheet resistance. This is obviously also due to a better coverage of the
substrate.

Wettability

When “deposited droplet” is mentioned, this refers to the self-assembled carbon nanotubes left behind
by the evaporated droplets as shown as example in Fig. 5. In order to measure the influence of the
amount of deposited droplets on the wettability of the substrate, we inject a droplet of 1 pl of the so-
called “testing liquid” on the self-assembled structures. The measurements are made using water on
the substrate and repeated by using ethylene glycol on the substrate. Two readings were taken at
different places of the sample surface and the measurements are repeated twice. An average was
determined and the error in the measurement of the contact angle was found to be + 5° for water as
the testing fluid and + 2° for ethylene glycol as the testing fluid. Figs. 10 and 11 show the measured
static contact angle for the testing liquids water and ethylene glycol, respectively, as a function of the
amount of deposited droplets.
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Figure 10: Contact angle of water on the substrate as a function of the amount of deposited
droplets for two concentrations of carbon nanotubes dispersions.
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Figure 11: Contact angle of ethylene glycol on the substrate as a function of the amount of
deposited droplets for two concentrations of carbon nanotubes dispersions.

In Fig. 10, the “0” on the x-axis stands for a pure polycarbonate surface. It shows a contact angle
around 78°, which corresponds nicely to the value reported in the literature, i.e. 81° [27]. The static
contact angle for ethylene glycol on polycarbonate of 53° also corresponds well with an averaged
contact angle of 56°, found by [28] using dynamic contact angle measurements. Figs. 10 and 11 show
that an increasing amount of deposited droplets, i.e. a higher/better coverage of the substrate by the
carbon nanotubes, leads to a considerable decrease of the static contact angle of the testing fluids
(albeit water or ethylene glycol). For the same reasons as mentioned for the electrical resistance, a
higher concentration leads to lower static contact angles, although the difference is rather small for
water as the testing liquid. Furthermore, the largest contact angle decrease for water as the testing
fluid is observed for the first five droplets, going as low as around 35-40°. We can get a further
decrease of the contact angle down to less than 25° by increasing the amount of deposited droplets.
This seems to be approximately the same for both concentrations of the deposited droplets. As for
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ethylene glycol as the testing fluid, it appears that the decrease of the contact angle as a function of
the amount of deposited droplets is approximately linear until around 12 droplets, going down to
around 25° and 15° for the lower and higher concentrations of the deposited droplets. After about 13
deposited droplets, we can see that for both the testing liquids the static contact angle hardly changes.
Interestingly, this corresponds to the same amount of deposited droplets for which the electrical
resistance did not change significantly anymore, and is related to a full coverage of the substrate.

We are also interested in the contact angle hysteresis as a function of the amount of deposited
droplets. Acknowledging that the advancing and receding contact angle can be measured in many
ways and that the uniqueness of such contact angles is questioned [29], we still measure them to have
a qualitative idea of their behaviors when the substrate is covered by nanoparticles. For this purpose,
Fig. 12 shows the advancing and receding contact angles corresponding to a part of the experiments
presented in Figs. 10-11.
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Figure 12: Receding and advancing contact angles of (a) water and (b) ethylene glycol on the
polycarbonate substrate as a function of the amount of deposited droplets of carbon nanotubes
(concentration 1 g/l).

First of all, we note that the advancing and receding contact angles, respectively, 81° and 55° for
water and 65° and 32° for ethylene glycol on polycarbonate surface correspond nicely with those
reported in the [28], i.e. 90° and 63° for water and 64° and 34° for ethylene glycol on polycarbonate
surface. Fig. 12 shows furthermore that on increasing the amount of deposited droplets, the advancing
contact angle increases slightly, while the receding contact angle decreases considerably. The contact
angle hysteresis for water is more affected (increasing) than that for ethylene glycol on increasing
the amount of deposited droplets. It can be suggested that during an advancing contact angle, a higher
coverage of nanoparticles on the substrate causes more pinning, so that the advancing contact angle
increases. However, when the droplet is receding, the capillary forces that are higher with a higher
coverage (due to a formed nanoporous structure) cause the receding contact angle to decrease.

Conclusions

In this work, water droplets containing carbon nanotubes are evaporated on a polycarbonate substrate
in order to form self-assembled nanoporous nanostructures. The morphology of the nanotubes is
characterized by a nanoparticle size distribution and scanning electron microscopy (SEM). The
particle size distribution appears to be rather narrow and an average value of 27 nm is found for the
nanotube diameter, which indicates a tendency towards agglomeration, knowing that the diameter of
a single nanotube is around 2-5 nm. The SEM images have shown that the density of the created
structures increases with the number of droplets, more pronouncedly for the first five deposited
droplets. The material properties of the obtained structures are tested for their electrical resistance
and wettability.
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The first five deposited droplets are, corresponding to the density observations, responsible for the
large decrease in both the electrical resistance and static contact angle. The electrical resistance
decreased from 300 MQ, which is simply the maximum value observable by the probe, to around 20
kQ, which is a decrease of at least 4 orders of magnitude. The static contact angle decreased from
78° to around 25° for water as the testing liquid, regardless the concentration of the deposited droplet.
However, for ethylene glycol as the testing liquid, the static contact angle went from 53° to 25° or
15°, for lower and higher concentrations of the deposited droplets, respectively. A higher
concentration of the deposited carbon nanotubes seems to emphasize the decrease of the electrical
resistance. The same holds for the static contact angle, although this difference is more pronounced
for ethylene glycol as the testing liquid. The explanation could be linked to a better coverage of the
substrate as the SEM images show. As for the advancing and receding contact angles, it appeared
that the former increases and the latter decreases on increasing the number of deposited droplets. The
contact angle hysteresis increased thereby, being more pronounced for water than for ethylene glycol.
A better coverage causes more pinning for an advancing droplet and higher capillary forces for a
receding droplet.

The effect of a higher concentration in a deposited droplet not only brings about a better coverage of
the substrate, but also a higher evaporation rate. This is explained by [30] to be caused by a better
pinning of the deposited droplet (so that the well-known high evaporation at the triple line remains
in action) as well as by an increase of the thermal conductivity due to the nanoparticles. The higher
coverage will also lead to a higher porosity and higher electrical conductivity. So it seems that there
is a link between high evaporation rates and high porosity and electrical conductivity.

Other findings in the literature have shown that UV-treatment decreases the static contact angle of
water on polycarbonate to a bit more than 60° [31]. A decrease to around 45° for the static contact
angle of water on polycarbonate is reported in [32], but using rather a surface irradiation treatment
with N, Ar or Xe of the polycarbonate surface. The multi-drop method is less costly and less energy-
consuming. This work shows that a simple and low-cost procedure is capable of obtaining
nanostructures whilst attaining considerable decreases in the electrical resistance and the static
contact angle that are comparable to the findings in the literature.
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