Edinburgh Research Explorer

Nanofluid Droplets Drying on Structured Surfaces and
Evaporative Self-assembly

Citation for published version:

Kubyshkina, V, Orejon Mantecon, D & Sefiane, K 2022, Nanofluid Droplets Drying on Structured Surfaces
and Evaporative Self-assembly. in Drying of Complex Fluid Drops: Fundamentals and Applications. Soft
Matter Series, Royal Society of Chemistry, pp. 231. https://doi.org/10.1039/9781839161186

Digital Object Identifier (DOI):
10.1039/9781839161186

Link:
Link to publication record in Edinburgh Research Explorer

Document Version_:
Peer reviewed version

Published In:
Drying of Complex Fluid Drops: Fundamentals and Applications

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN (75 ACCESS

Download date: 16. Aug. 2023


https://doi.org/10.1039/9781839161186
https://doi.org/10.1039/9781839161186
https://www.research.ed.ac.uk/en/publications/fc988567-ecf8-42b5-8047-119deb866a94

™
s

ROYAL SOCIETY
OF CHEMISTRY

3 Nanofluid Droplets Drying on Structured Surfaces and Evaporative Self-Assembly
Veronika Kubyshkina®, Daniel Orejon’, Khellil Sefiane
"University of Edinburgh, School of Engineering, Kings Buildings, Mayfield Road,

Edinburgh, EH9 3JL, UK

*Corresponding Author: k.sefiane@ed.ac.uk

ABSTRACT

Driven by growing applications involving drops interaction with solids and undergoing
phase change, the topic of wetting and evaporation/drying of drops on textured
surfaces has been subject to extensive recent research. In this chapter we present the
results combining the evaporation of sessile droplets laden with nanoparticles and/on
textured surfaces. The results demonstrate that the size, shape and spacing of
textures dictate the initial shape of both pure and nanoparticle-laden low surface
tension fluid drops. Circular, square, rectangular as well octagonal shapes are
observed correspondingly. The drying of nanofluid drops on these textured surfaces
are studied to elucidate the deposition of nanoparticles and how they are affected by
the textures and the initial shape. Particles deposition following dryout is found to be
enhanced near the corners where curvature is greatest. Furthermore at a high
nanofluid concentration, we observe self-assembly of particles into highly ordered

intricate structures deposited at the centre of the droplet.

3. 1 Introduction
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Recent trends in nanotechnology, miniaturisation and intensification of processes has
led to an increasing interest in liquid drops and their interactions with solids. This
interest is driven by some specific applications such as inkjet printing, polymer-based
LED displays, biomicroarrays, self-cleaning surfaces, etc.'3. Advances on this topic
allow researchers and industry to engineer surfaces with bespoke topographical and
chemical characteristics. This is made possible by exploring the intricacies of the
wetting phenomenon, leading to improved control of solid-liquid interactions. Modifying
surface characteristics as a strategy to tune wettability enables a wide range of
behaviours to be explored, ranging from complete liquid spreading on hydrophilic
surfaces?, to balled pearl drops in a non-wetting situation on superhydrophobic
textured surfaces®. These behaviours as well as each wetting state are desirable for

specific purposes in a variety of applications 6-4.

The attractive potential of tunable surface characteristics has stimulated significant
research activity to extend our capacity to control droplets °'2. By combining micro-
scale surface science with engineered surfaces, new strategies have emerged
allowing manipulation and control of solid-liquid interactions. Notably, anisotropic
surface texturing shows great potential for sophisticated directional wettability and
adhesion 1315, Further, anisotropic non-wetting behaviour includes directional droplet
transportation and roll-off of droplets from surfaces 20, This could bring the aim of
developing practical self-cleaning surfaces a step closer. Li et al. demonstrated the
transition of wetting shapes of drops by adjusting topological surface features 2.
Asymmetrical droplet spreading and imbibition, through surface anisotropy, has also
been widely investigated. Water droplets with 3, 4 and 6-fold symmetry have resulted
from the anisotropy effect of the lattice arrangement of surface microstructures and

their respective geometrical parameters 22.
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A major advantage of tuning liquid behaviour on textured surfaces is the ability to
generate non-spherical geometries. This would be useful for high-resolution liquid-
based printing applications such as DNA sequencing and metal printing 2324,
Desireable droplet geometries are achieved by implementing decorated surfaces with
various microstructures. This manifests in a variety of polygonal shapes for both
sessile drops and liquid films. Square, rectangular, hexagonal, octagonal and
dodecagonal droplet footprints were induced by tuning the microstructure pillar density
of intrinsically hydrophobic decorated surfaces?®. This was exploited later to simulate
the evolution of the periphery of the droplet, demonstrating the transformation of a
polygonal droplet to a square one through contact line zipping 2. Courbin et al., on the
other hand, harnessed the imbibition actions of many liquid mixtures, obtaining
different polygonal shapes of thin-liquid films via hydrophilic microstructure
configurations 27-28. The range of droplet profiles achieved was recently extended by
including complex droplet compositions, i.e. liquid mixtures, surfactant and saline
solutions, and/or suspensions. In recent studies, it is found that the wetting region
could be controlled by altering the water-ethanol ratio on substrates with micropyramid
cavities 2°. Ethanol concentration is found to dictate the transition from an octagon to
a rectangle foot print. Saline droplets have also been investigated by varying
concentrations of potassium chloride (KCI) in water 3°. Wetting shapes evolved from
an octagon to a deformed rectangle with an increase in salt concentration on
micropyramid patterned surfaces. Surfactants concentration influencing the droplet
wetting shapes on textured surfaces also showed similar change in the droplet
footpring or wetting shape depending on the initial concentration 3'-32, Beyond the
initial shapes and their dependence on structured surface patterns, solution

concentration and surfactants, wetting transitions are also observed as evaporation
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proceeds. Indeed, the droplet profile transition ts from octagon to square, and from
square to rectangle, was observed during the drying process 3'-32, Additionally, the
ability to maintain a uniform droplet profile throughout the whole evaporation process
was achieved for octagonal droplets 3'-32. Most of the studies show that surface
chemistry and topography, as well as the intrinsic contact angle of the fluid, govern the

wetting dynamics and droplet shape.

While the specifics of surface chemistry and topography defining the form of the
wetting droplet have mostly been understood, particle deposition patterns of non-
spherical droplets are still mostly unexplored. Many promising applications, where the
capacity to reliably produce well-defined particulate deposits is of paramount
importance for pattern-particle assembly, for example, in high-performance optical
devices and sensors, would benefit from mastery of such phenomena33-34. It is well
established that for circular and symetrical evaporating drops, particulate matter is
deposited in a ring-like manner 3°. For non-circular geometries, understanding how to
predict and monitor the spatial distribution of particle deposits, both accurately and
effectively is a challenge still under investigation by researchers. The rich
morphologies of the drying patterns are intertwined with parameters such as particle

concentration, particle size, fluid composition and surface characteristics 36-39,

Studies reporting the creation of uniform deposits by manipulating the shape of the
particulate matter are promising #%-4'. Choi et al. used the coffee ring effect to generate
3D micro and nanoparticle patterns using evaporation-driven self-assembly 42. The
control over deposition patterns has been achieved by creating low-adhesion
superhydrophobic substrates. This showed a variety of shapes and sizes of
superhydrophilic regions, and creating deposit shapes such as triangles, rectangles
and ellipses #3. Sdenz et al. integrated both experimental and theoretical approaches

Page | 4



-

ROYAL SOCIETY
OF CHEMISTRY

for the study of evaporation kinetics and non-spherical drop deposition patterns 44, and
concluded that higher curvature regions on the contact line induced greater
evaporative flux resulting in non-uniform deposition patterns on the high curvature
regions of the droplet periphery. Another notable study used bacteria-containing
droplets to analyse the spatial distribution of deposits on micropatterned substrates*®.
More recently, Park et al. have demonstrated the ability to produce hexagonal deposits
on circular micropillars utilizing colloidal suspensions of microsize particles 46. Despite
growing interest in this area, there is still a lack of understanding of the factors and
mechanisms affecting the complex drying patterns of droplets containing suspensions.
In some particular cases, capitalizing on surface manufacturing techniques and
customized environment combinations, identification and control of particle ordering
within surface structures can be achieved. Although some attention has been paid to
changes in surface chemistry and topography, the emphasis has been on rudimentary
surface patterning or wettability where droplets typically adopt a spherical cap
geometry*6-51, However, in the case of pure liquid droplets, flow patterns are affected
by the droplet shape deviation from spherical-cap induced by the surface asperity (i.e.
the sharp edge effect) 5255, This surface parameter may therefore be expected to alter
the transport of suspended particles into solutions, adding potential deposition

patterns of particle-loaded droplets to the current knowledge base.

On ideal smooth substrates, different nanoparticle deposition patterns can be realized
depending on the interplay of the mechanisms takin place during drying of nanofluid
droplets. The surfaces can be tailored via the wettability of the solid surface3¢:37 the
nature of the fluid such as pure fluids or mixtures with additives3'32 or the pH of the
solution, the ambient composition, system temperature, external forces applied,

amongst others. In addition, particle concentration3¢37, shape®?, size, and their
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wettability play a paramount role in the dynamics of droplet drying and the ordering
and thickness of the deposition patterns. Starting from the coffee ring stain proposed
by R. Deegan et al.> more than two decades ago, where particles mainly deposit at
the triple contact line of a colloidal droplet evaporating in the Constant Contact Radius
(CCR) mode (Figure 1a)%, to concentric multi-rings patterns following stick-slip
evaporation on low contact angle hysteresis substrates (Figure 1b)%’, to the
suppression of the coffee-ring stain via asymmetric particles (Figure 1c¢)*°, and/or to
the particle size classification during coffee ring formation (Figure 1d)%, the wide,

complex and colourful plethora of the deposits is further highlighted.

Upon Liquid Drying

(a) (b) (d)

Figure 1 — (a) Coffee ring stain from Deegan et al.35, (b) nanoparticle deposits in
a concentric multi-ring fashion following stick-slip evaporation from Askounis
et al. %, (c) the suppression of the coffee-ring stain via asymmetric particles
from Yunker et al.*? (d) particle size classification or nanocrhomantography

driven by the coffee ring effect from Wong et al.%.

In this chapter two emerging fields are combined by researching the drying patterns
of particle-laden droplets with complex wetting morphologies. In order to achieve this,
we analyse the wetting footprints of pure liquids, and in particular the deposits left after
the drying of aluminium oxide-ethanol (Al2Os-ethanol) nanofluid droplets of various
concentrations. By integrating fluid composition and surface patterning, we
demonstrate the ability to create well-defined droplet shapes and retain the desired
profile during the drying process. Attention is also paid to the role of surface
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topography in the selection of the shape of the droplets, namely the pillar density of
the array and the shape of the micropillars. We further analyse the specifics of the
surface design in relation to the deposition patterns left by the evaporated Al20s-
ethanol nanofluid droplets of Al20s. Finally, we take a closer look at the localized
deposition of particles at the microscale and assess the distribution of particles on
surface microstructures, visualizing the assembly of nanoparticles at the contact line

as well as at the centre after complete evaporation.
3. 2 Wetting and Evaporation of Nanofluids on Textured Surfaces

Pure liquid droplets comprised of distilled water and pure ethanol are presented in a
first instance (Fisher Scientific) and nanofluid suspensions (Sigma Aldrich) secondly.
Nanofluid suspensions were prepared using ethanol as the base liquid, and aluminium
oxide nanopowder, Al20s3, with a particle size of ca. 50 nm (Sigma Aldrich). The
solutions were prepared with concentrations of 0.01%, 0.05% and 0.1% wt. Al20s-
ethanol. The resulting nanoparticle liquid suspensions were sonicated for 2 hours
initially, and for 30 minutes prior to each subsequent use to ensure thorough
dispersion. Silicon substrates were decorated with various micropillar geometries,
arranged in a square lattice and coated in hydrophobic perfluorodecyltrichlorosilane
(FDTS) through vapour deposition. On smooth FDTS coated surfaces, the intrinsic
contact angle for water is 112° + 3°, whilst the corresponding value for ethanol is 60°
+ 3°. The substrates were fabricated using photolithography and deep reactive ion
etching (DRIE) techniques in the Scottish Microelectronics Centre (SMC) at the
University of Edinburgh'®175%8 The geometric parameters of the micropillars are
characterised by the shape, height (h), lateral dimensions (d) and edge-to-edge
spacing (s) (Figure 2(a)). Whilst the height and the lateral dimensions of the pillars
were kept constant (h = 10 +/- 2 ym and d = 10 um), the shape and the spacing were

Page | 7



% LOYAL SOCIETY
- OF CHEMISTRY

varied, giving a total of 16 surface configurations. The different micropillar shapes are
visualised in Figure 2(b): circular, square, star-shaped (6-point) and triangular pillars.
The spacing (s) was varied for all pillar geometries (5, 10, 20 and 40 ym), which
allowed for systematic control of surface wetting for the low surface tension fluid. The
surfaces were cleaned prior to use with distilled water and dried using compressed

nitrogen to remove any particulates.

(a) (b)
Figure 2: (a) Schematic of an array of square pillars, with defined microscale

pillar parameters: height (h), lateral dimensions (d) and edge-to-edge spacing
(s). (b) Scanning electron microscope (SEM) images of the micropillar islands
from the top, showing the different pillar geometries of lateral dimension of 10

pm: circle, square, star-shaped and triangle. Scale bar is 5 um>°.

Droplets, of the same initial volume of 5 ul, were manually deposited on the
microstructured substrates using a glass microsyringe (Hamilton). The experiments
were carried out at ambient conditions (21 £ 2 °C, 46 £ 10% relative humidity, and
atmospheric pressure) and repeated at least three times for each liquid/surface
configuration. The profile of the deposits were visualised through a visualised through

a top-down optical inspection camera (xiQ MQ013CG-ON, Ximea, Germany) with a
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Nikon 105mm /2.8 lens (AF Micro Nikkor, Nikon, Japan). Droplets were illuminated by
an LCD cold light source (KL 1500, Schott, Germany). Further visualisation of the
nanoparticle deposits left on the substrate after complete evaporation was conducted
using an inspection microscope (DM12000 M, Leica Microsystems, Germany).The
microscope was adjusted to capture the profile of the wetting area deposits, in addition
to focusing on the local, microscale morphology of Al203 deposits at the contact line
and droplet centre. Deposit distribution was captured both at the top of the pillars (i.e.

the roughness level), as well as the in the space between the pillars (i.e. base level)®°.

3.3 Pure fluid and nanofluid droplet wetting on micro-structured surfaces

Microstructured surfaces have gained much attention in the past decades due to their
potential to induce different wetting behaviours. One such discovery, recently, has
been the ability to create various droplet shapes?®3' which eventually will impact
droplets evaporative behaviour, internal flows and the patterns and distribution of the
drying deposits. Hence, in this chapter we introduce and discuss the research
progress on wetting and drying of colloidal droplets on textured surfaces, patterned
with different asperities®®. Specifically, the relationship between the initial wetting
profile and the specifics of surface topography: size and shape of the pillars and
spacing between them, as well as , as well as the concentration of the nanofluid

suspensions, are examined .

Although the primary interest lies in the wetting profile of nanoparticle-laden
suspensions on textured surfaces of varying geometrical parameters, the wetting and
non-wetting behaviour of pure liquids under the same conditions are firstly introduced

to allow a comparison towards interpreting the distribution of the deposits. We highlight

Page | 9



% LOYAL SOCIETY
- OF CHEMISTRY

in particular how changes in surface topography — the size, the shape of the pillars
and the distance between pillars — affect the initial wetting or non-wetting behaviours
for a low and a surface tension fluids, i.e., ethanol and water. Figure 3 displays an
overview of the droplet footprint, i.e., snapshots looking from the top, for both pure
water and pure ethanol, on microstructured surfaces of circular, square, star-shaped
and triangular pillars with increasing spacing (5, 10, 20 and 40 um), establishing a
point of reference for the nanofluid droplets wetting behaviour which will be discussed

later.

Pillar Geometry

(a)

Pillar Geometry

Pillar Spacing (s)
Pillar Spacing (s)

Fig. 3 Snapshots looking from the top of the initial droplet wetting profile on
substrates with circular, square, star-shaped and triangular pillars (left to right).
For (a) pure water droplets on substrates with different pillar geometries, all with
a spacing of 5 ym; and (b) pure ethanol and (c) 0.1% Al203-ethanol nanofluid

droplets on substrates with different pillar geometries and increasing pillar
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spacing (s =5 ym, 10 pm, 20 pm, 40 pm). Scale bar is 1 mm. Reprinted with

permission from®°,

To note first here, pure water droplets (Figure 3(a)) display the expected Cassie-
Baxter non-wetting behaviour, with a high contact angle, forming a spherical cap. This
can be explained by the combined effect of the high surface tension of water, the low
surface tension of the surface structures as a consequence of the intrinsic
hydrophobicity of the coating and the presence of air entrapped between the droplet
and the structures, which is consistent with the literature®0. For pure water, the droplet
footprint remains unaltered independently of the shape of the pillars underneath the
droplet as shown in Figure 3(a) for the short pillar spacing (s = 5 um). We note here
that increasing the spacing between the structures on circular, squared or striated
shaped microstructures on an intrinsically hydrophobic configuration does not alter
considerably the spherical cap behaviour of the droplets resting in the Cassie-Baxter
state. However, the interesting behaviour arises for low surface tension fluids, which
display small intrinsic contact angle on a hydrophobic smooth and pillared
configurations. For the pure ethanol case, droplets adopt a variety of droplet profiles
as represented in Figure 3(b). At the higher end of pillar spacing (s = 40 ym), the
contact line profile of ethanol droplets displays a symmetric circular shape in the
wetting regime , which can be associated with the well-known spherical cap geometry.
As the spacing is reduced however, the behaviour begins to diverge from a simple
spherical cap; circular, square and star-shaped pillars resulting in polygonal and/or
octagonal droplet peripheries at medium-range spacing (s = 10 and 20 um), and
quadratic peripheries at the lowest spacing (s = 5 um). This behaviour is consistent
with observations by Raj et al.*?, who report a transformation of the droplet wetting
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area with increasing pillar density from an octagon to a square*2. A different behaviour
is observed on droplets placed on surfaces decorated with triangular pillars though,
whom display an irregular polygonal shape with a loss of the contact line’s axial
symmetry. Here, when s = 10 and 20 ym, the front of the droplet approximates the
shape of a triangle along the direction of the pillars, while at lower spacing of s =5 ym
an elongated rectangular profile was observed. This distinctive behaviour is attributed
to the anisotropy of triangular pillars retarding the flow through their blunt ends,
resulting in uni-directional liquid spreading, when compared to the symmetric regular
shapes in the case of circular, square and star-shaped microstructures ' 52-53,
Unidirectional droplet spreading as a consequence of the anisotropy of the surface

structures was firstly reported by Chu et al..

From Figure 3, the most emphatic effects on the contact line profile were caused by
structure spacing, whilst pillar shape variation led to comparatively subtle geometrical
differences. The diversity in behaviour displayed across surfaces warrants further
attention into the subsequent evaporation behaviour and the final distribution of the
deposits. The different geometrical shapes other than spherical cap in turn influences
the local azimuthal curvature near the contact line being highest for example in sharp
corners, with the consequent expected higher evaporation fluxin the case of non-
symmetrical droplets #4. One would expect therefore that when adding nano-particles
to said droplets, a distinct variation in the deposits left in each area, in line with the

difference in local evaporation rates.

Having established through pure fluids droplet analysis the above foundations for
wetting behaviour, we turn our focus to the wetting and footprint of nano-particle
infused liquids resting on the same surfaces and under the same conditions. Given
the relatively minor variations in configurations seen for water droplets, we instead
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choose to use only pure ethanol as our base for the suspensions. Although three
different concentrations of dispersed aluminium oxide (Al203) nanoparticles in ethanol
(0.01 wt.%, 0.05 wt.% and 0.1 wt.% wt. Al2Os-ethanol) are considered in this Section,
to establish the role on droplet shape it behoves to consider primarily the highest of
these, as it is furthest in composition from pure ethanol. Hence the droplet wetting
morphologies/footprints for 0.1% wt. Al20Os—ethanol on micro-structured surfaces of
circular, square, star and triangular shaped pillars with increasing spacing s = 5, 10,
20 and 40 ym are presented in Figure 3(c). Even at this concentration (0.1% wt. Al2O3—
ethanol), the droplet shape is not significantly affected by the addition of nano-
particles. At the higher end of pillar spacing (s = 40 um) and similarly to pure ethanol,
0.1wt. % Al2Os-ethanol droplets display a circular footprint ascribed to a spherical cap
profile. As the spacing is decreased (s = 10, 20 ym) the droplet shape diverges from
that of simple spherical cap resulting in polygonal, octagonal and quadratic symmetric
droplet peripheries on circular, square and star-shaped microscturctures, while
irregular polygonal shapes with a loss of the contact line’s axial symmetry on triangular
one. The similar droplet wetting footprints for pure ethanol and 0.1% Al20z-ethanol
are then demonstrated when comparing Figure 3(b) and Figure 3(c). This is perhaps
to be expected, given the minimal effect that the low concentration of nanoparticles

utilised has on droplet surface tension 28 4,

To provide some quantification on the anisotropy of the wetting droplets, the ratio
length L (as the lager measured axis) to width W (as the shorter or transversal to L
measured axis) L/W ; and the circularity C extracted from Imaged, are presented in
Table 1. A L/W ratio of approximate 1 signifies the symmetry of the droplet footprint
either circular or in a polygonal fashion while a C equals 1 signifies a perfect circle or

sphere. Since both pure ethanol (Figure 3(b)) and 0.1 wt.% Al20Oz-ethanol nanofluid
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(Figure 3(c)) droplets display a rather similar geometry and shape of the wetting
footprint, for simplicity Table 1 includes the quantification solely for the nanofluid case.
When comparing the ratio L/W, the greatest of the deviations is attained for the
presence of asymmetric triangle microstructures and for the shortest of the spacing (s
=5 ym), which induce uni-directional asymmetric liquid spreading and the elongated
rectangular droplet footprint reported’®. While rather uniform L/W of approximately 1
exemplifies the symmetry of the spreading in the main axis directions for symmetric
pillared shapes (circular, square and star-shaped microstructures) as evidenced from
Figure 3(b) and Figure 3(c). In addition to the presence of symmetries or asymmetries
in the directions of the main axis, the shape/footprint of the droplets tends to deviate
from spherical/circular as the spacing between structures is decreased. On all circular,
square or star-shape microstructure shapes, completely round droplets C = 1 are
reported only for s = 40 ym, while distorted symmetric polygonal and/or octagonal
shapes deviating from spherical cap are found on s = 20 ym and or s = 10 ym with C

= 0.8 to 0.9 and symmetric squares on s = 5 ym with C <0.8.

Table 1 Length (L) to width (W) ratio L/W and circularity (C) of the droplets for
the initial wetting profile of 0.1% Al203;—ethanol nanofluid on substrates with
circular, square, star and triangular shaped pillars and different spacing. Values

are extracted from Figure 3(b).

. . Circle Square Star Triangle
Pillar spacing
(um) Liw C(-) Liw C() Lw C(-) Lw C(-)
5 1.02 0.763 1.04 0.756 1.02 0.795 1.81 0.794
10 1.00 0.866 1.02 0.813 1.16 0.894 1.03 0.884
20 1.01 0.915 1.00 0.875 1.09 0.910 1.01 0.916
40 1.03 0.978 1.01 0.930 1.00 0.983 1.04 0.951
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3.4 Macroscale Deposits Morphology Left by Evaporating Nanofluid Droplets

To illustrate the distribution and morphology of the deposits, an overview of the overall
deposition morphology of Al203 nanoparticles after the drying of 0.05 wt.% Al20s3-
ethanol droplets on surfaces exhibiting various topographical features is presented.
Different micropillar geometries such as square, circular, star and triangular shaped
micro-structures, with varying the lateral dimension d = 5, 10, 20 and 40 ym and
several pillar-to-pillar spacing s = 5, 10, 20, 40, 80, 160, 320 ym, are introduced in

Figure 4.
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Spacing Square Square Square Square Circular Triangular 6-point Star
{(um) (5 x 5) um? (10 x 10) um’ (20 x 20) pm? (40 x 40) um’ {10 x 10 x ) um? | (0.5 x 10 x 10) pm? {10 x 10 — 23.38) um?

10

20

40

80

160

320

Fig. 4 Optical microscope images of Al203 nanoparticle deposits after
evaporation of 0.05 wt.% Al203-ethanol droplets on square (with different the
lateral dimension d =5 to 40 ym), circular, triangular and star shaped pillars for

different pillar spacings s = 5, 10, 20, 40, 80, 160, 320 pym.

From Figure 4, the symmetry of the polygonal, octagonal or quadratic shapes left by
the deposits for all pillared configurations (except for anisotropic triangular

microstructures with s < 40 um) is evident. For the wide range of configurations
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exemplified, the shape of regulary symmetric microstructures exerts a minimal effect
on the main shape and distribution of the deposits while it is the structure spacing what
dictates the main differences on the geometric shapes of the deposits. For the shortest
of the spacing (s = 5 um) deposits displaying a quadratic profile are reported
independently of the shape (except for triangular pillars) and the lateral dimension of
the microstructures. As the spacing is increased the main deposits shape transitions
from square to polygonal and/or octagonal (s = 10 um) and then to a circular shape
for larger spacing (s = 40 ym). When looking into the same micropillar shape, i.e.,
squared micropillars, the same qualitative behaviour is observed, although the shape
transitions of the deposits from squared to octagonal and to circular occur at different
spacing between the structures. For squared microstructures with lateral dimension d
= 10 ym, the squared shape of the deposits is retained even for s = 10 ym while the
circular profile of the deposits is only attained for s > 80 um. The greatest notable
differences are found on regular anisotropic triangle microstructures where the shape
of the deposits transitions: from rectangle to square with a trapezoid atop, to an
asymmetric circular profile with a triangle atop, to a circular profile once the spacing
between pillars is large enough (s = 80 um). The shape of the deposits presented in
Figure 4 are in close agreement with the wetting shapes earlier reported in Figure

3(b)&(c).

Besides the effect of structure, the concentration of the nanofluids also play an
important role in the distribution of the deposits and the patterns left upon nanofluid
droplet evaporation. A closer look at the distribution of the deposits on square
micropillars and s = 10 ym and on trriangluar micropillars and s = 20 um for different
nanofluid concentrations: 0.01 wt.% Al203-ethanol, 0.05 wt.% Al20s-ethanol and 0.1

wt.% Al203-ethanol, are included in Figure 5.
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(a) 0.01% ALO: (b) 0.05% ALO; (C) 0.1% ALO;

corner film

Figure 5 Optical microscope snapshots of Al203 nanoparticle deposits on (top
row) squared pillars and s = 10 ym and (bottom row) triangular pillars and s =
20 pm after (a) 0.01 wt.% Al203-ethanol; (b) 0.05 wt.% Al203-ethanol and (c) 0.1
wt.% Al203-ethanol, nanofluid droplet evaporation. Scale bar is 1 mm. Reprinted

with permission from%°.

The macroscopic shape adopted by the wetting droplets is independent of
nanoparticle concentration and only function of the shape and spacing of the
decorating structures as demonstrated in Figure 3 and Figure 4. To note is the
resemblance of the deposition patterns in Figure 4 and 5 to the droplet wetting
footprints introduced in Figure 3(c). The more circular or polygonal of the droplet
wetting footprint dictates then the macroscopic shape and contour of the deposits at
the triple contact line and/or within the droplet. For the lowest of the concentrations
0.01 wt.% Al20s-ethanol, faint patterns with a slightly more defined ring-shape of the
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contact line deposits are inferred from Figure 4(a). At the intermediate concentration
of 0.05 wt.% Al203-ethanol, coffee-ring patterns with a more pronounced and thicker
ring of the deposits is found at the contact line. For short pillar spacing (s = 5 ym and
10 ym) the particle density at the droplet periphery is not homogeneous presenting a
rather irregular coffee-ring deposition pattern fashion as in Figure 5(b). The distribution
and irregularity of the deposits are a consequence of the different droplet curvature
along the contact line prompting preferential evaporation at the corners**. Further, in
the case of 10 um spacing on square micropillars, there is clear lighter particle when
moving outwards from the contact line (arrows in Figure 5(b)), which is associated with
the presence of an extended film in between the structures. Additionally, the particle
deposition at the contact line is more salient and more uniform as the droplet circularity
increases, i.e., spacing between pillars increases, causing a more uniform radial
outward capillary flow ensuring the same flow of particles towards the contact line
irrespective of the droplet azimuthal direction?°. At the highest of the concentrations
presented 0.1 wt.% Al2Os-ethanol, the presence of the deposits at the contact line is
distinguishable; however such accumulation at the contact line is less prominent than
for the intermediate and low concentration cases; and particles do accumulate and
deposit at the centre of the droplet making the ring-centre boundary less obvious
(Figure 5(c)). At the highest of the concentrations, i.e., ten-fold when compared to
lowest concentration case, the particle-particle interaction incurs in the self-assembly
and/or agglomeration partially hindering the particle motion towards the droplet
periphery®1-62. The expected lower outwards particle velocity and faster sedimentation
of bigger sized particles coupled with the fast evaporation of ethanol does not allow
sufficient time for the particles to reach and accumulate at the contact line, hence

distributing more homogeneously along the centre of the droplet.

Page | 19



-

ROYAL SOCIETY
OF CHEMISTRY

From macroscopic observations, it is worth confirming on the enhanced preferential
accumulation of the deposits at the corners of asymmetric droplets as a consequence
of the increased evaporation fluxes at those locations where the curvature of the
droplet is the hightest, which is in agreement with the work of Deegan et al. and Saenz
et al.3%%4, Although the overall footprint of the deposited patterns remains unchanged,
the extent of particle deposition both near the contact line and at the centre of the
droplet as well as the presence of self-assembly and/or agglomerates function of the
concentration deserve closer look and attention as dedicated within the next Section

by looking at the deposition patterns via optical microscopy techniques.

3.5 Microscopic Depositsion Morphology Left by Evaporating Nanofluid

In what follows a closer analysis of the deposits left by the evaporated droplets at the
contact line and at the droplet centre is performed to further feature the influence of
the diversity of the wetted profiles observed on the microscopic morphology and
distribution of the deposits. A closer inspection helps to map out the localised
distribution of Al203 nanoparticles on the surface microstructures at the three-phase
contact line and at the centre of the droplet. To further interpret and give account of
the particle distribution, a closer look at the effect of micropillar geometry, micropillar
spacing and nanofluild concentration at the different localised regions as well as the

particle self-assembly is presented in the next subsections.

3.5.1 Localised Microscale Deposition: Effect of Pillars Geometry

First, we bring our attention to symmetric micropillared structures where regular
wetting polygonal shapes yield symmetric distribution of the wetting droplet and the

deposits profiles as introduced earlier in Figure 3 and Figure 4. Square micropillars
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and circular micropillars are introduced in Figure 6(left) and Figure 6(right) so to
establish the effect of pillar geometry on the localised microscale deposition. Details
of particle deposition are examined at the three-phase contact line ((a) & (b)) and the
centre of the droplet ((c) & (d)), on the pillar islands ((a) & (c)) as well as between

pillars ((b) & (d)).

Figure 6: Nanoparticle deposition after evaporation of a 0.05 wt.% Al.O3—ethanol
droplet solution on (left) square pillars and s = 10 ym and (right) circular pillars
and s = 10 ym spacing. Optical microscopy snapshots of the nanoparticles
deposition are shown for (a) top of the pillars at the contact line; (b) between
pillars at the contact line; (c) top of the pillars in the centre of droplet; (d)
between pillars in the centre of droplet. The initial wetting profile is shown in the

middle for illustration.

We draw attention to the distribution of nanoparticles on pillar islands, as well as in
the space between the pillars - denoted as roughness level and base level both at the
contact line and within the droplet. Of interest is to highlight the similar distribution of

the deposits independently of the geometry of the symmetric pillared structures both
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at the macroscale (Figure 4) and at the microscale (Figure 6). When looking at the
deposits left at the centre of the droplet, the majority of the deposits are localised on
the pillars tops while less accumulation of the deposits is found between the structures
as exemplified in panels (c) and (d) on both Figure 6(left) and Figure 6(right). At the
contact line though, the deposits distribute consistently both on the top and between
the pillars as shown in panels (a) and (b) on both Figure 6(left) and Figure 6(right). On
both pillared surfaces the location of the contact line is clearly denoted as per the
presence of deposits on the top of pillars adjacent to clean deposits free pillars (see
panel Figure 6(left)(a) and Figure 6(right)(a)). When looking at the deposits found
between structures near the contact line though, some apparent differences can be
inferred when comparing squared to circular pillars decorated surfaces. In the case of
circular pillars, the distribution of the deposits seems to be constrained by the location
of the contact line, whereas for squared micropillars, some deposits are found when
moving outwards from the contact line as seen from panel (b) on Figure 6(right) and
Figure 6(left), respectively. The presence of deposits extending further away from the
position of the contact line is attributed to the occurrence of an extended film as it can
be inferred when looking at the corners of the droplet wetting snapshot presented in
Figure 6(left) and were previously pointed out in Figure 5(b)(top). Such extended film
was observed in the case of square micropillars with s =5 pym and 10 ym while no film

was observed for circular pillars with s = 10 ym.

Once established the similarities of the deposition patterns in the presence of regular
symmetric microstructures, the additional effect of microstructure anisotropy on the
wetting profile and hence on the distribution of the deposits deserves further focus.
Next, a closer microscopic look at the deposits distribution at the contact line in the

presence of anisotropic triangular microstructures (yielding asymmetric wetting
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profiles and asymmetric main shape of the deposits) and in the presence of symmetric
circular microstructures (yielding regular polygonal wetting shapes and main shape of
the deposits to allow for comparission), is introduced. The microscopic view of the
droplet periphery at the convex corners of a 0.1 wt.% Al20s-ethanol nanofluid is shown
in Figure 7 through two different surface configurations: circular micropillars of lateral
dimensions d =5 ym in size and spacing s = 20 um and triangular micropillars of lateral
dimensions d = 10 ym in size and spacing s = 5 ym. Microscopic observations of the
deposition patterns confirm the existence of the zip-wetting system attributed to the

adopted non-spherical wetting footprints on decorated surfaces 2527,

I=30um I1=20um (b) I=27um II1=60pum
[HI=15pm IV =20 pm — ‘III=40um IV=l4pm.

' Y’V?VVVYYV

Figure 7 Optical microscope images of the deposits left by a 0.1 wt% Al2O3-
ethanol droplet at the contact line corner on a surface patterned with (a) circular
micropillars of of lateral dimensions d = 5 pym and spacing s = 20 ym and (b)
triangular micropillars of lateral dimensions d = 10 ym and spacing s = 10 ym

spacing. Scale bar is 20 ym. Reprinted with permission from>°.

When comparing surfaces decorated with circular (Figure 7(a)) to triangular (Figure
7(b)) pillars, there are clear variations in the length of the deposits in the orthogonal
and diagonal directions. On triangular micropillared surfaces, the more elongated
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wetting profile of the droplets exerts an increased pinning length along the diagonal
with measured lengths between 40 ym and 60 um as for segments Il and Il in Figure
7(b). This is caused by the rapid and unimpeded distribution of fluid between the posts.
This result is consistent with Blow et al.’s simulations of triangular pillars, which
provides a detailed description of the imbibition and pinning dynamics of anisotropic
droplet activity®?3. In the presence of circular micropillars, the more symmetric
polygonal footprints adopted and the absence of contact line preferential elongation
on a predefined direction, keep the diagonal segments |l and IV within 20 uym, i.e., 2
or 3 times smaller than on anisotropic triangular pillars and within the same values as

the contact line lengths in the longitudinal/horizontal direction.

3.5.2 Localised Microscale Deposition: Effect of Pillar Spacing

The effect of micropillar spacing, which has a more enfatic effect on the droplet wetting
profile and on the final shape of the deposits as reported earlier in Figure 3 and Figure
4, is addressed next. Circular micropillars with lateral dimension d = 10 ym and
spacing s = 10 and 40 ym are presented in Figure 8(left) and Figure 8(right),
respectively. Special attention is paid to the localised microscale deposition at the
three-phase contact line ((a) & (b)) and the centre of the droplet ((c) & (d)) on the pillar
islands ((a) & (d)) as well as between pillars ((b) & (d)) left from the evaporation of a
0.05 wt. % Al20s—ethanol droplet. The wetting profile upon deposition is included for

comparison.
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Figure 8 Nanoparticle deposition after an evaporation of a 0.05 wt. % Al203-
ethanol droplet on circular micropillars for (left) s =10 ym and (right) s = 40 ym.
Optical microscopy snapshots of the nanoparticles deposition are shown for (a)
top of the pillars at the contact line; (b) between pillars at the contact line; (c)
top of the pillars at the centre of droplet; (d) between pillars at the centre of

droplet. The initial wetting profile is shown in the middle for illustration.

When looking at nanoparticles deposition at the droplet centre, there is absence of
particle deposition on both the pillars’ tops and in between pillars for short micropillared
spacing s < 10 um (Figure 8(left)), while a more prominent accumulation of the
deposits between pillars is noted as the pillar pitch increases s = 20 um. Since the
pillar geometry does not affect considerably the distribution of the deposits, this
behaviour can be generalised to all pillar geometries, which will be further
demonstrated in a subsequent section. The absence of particle accumulation at the
centre of the droplet for short pillar-to-pillar spacing inducing the most emphatic droplet
shape differences from spherical cap can be attributed to the non uniform radial flows
taking place within the droplet as a consequence of the different from spherical cap

geometry reported inducing greater evaporative flux at the corners*. The non-
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uniformity of the radial outward flows within the droplet may enhance mixing within the

droplet hence hindering the deposition of particles at the centre.

The more accumulation of particles at the droplet centre signifies, in turn, the less
expected nanoparticle deposition at the contact line as per mass conservation. When
looking at the pillars’ tops, no major differences can be appreciated when comparing
the different pillar-to-pillar spacing. Nonetheless, between pillars, the particle
deposition is richer and denser and no gaps are present between deposits when
decreasing the pillar spacing as for s < 10 pm where a contact line with thickness
equals to the micropillar size is reported in Figure 7(left) while more fainted deposition

is found in for s = 40 ym in Figure 7(right).

3.5.3 Localised Microscale Deposition: Effect of Nanoparticle Concentration

In this subsection, we draw the attention to the nanoparticles distribution function of
the nanofluids concentration. The deposits left after evaporation of 0.01 wt.% Al203-
ethanol (Figure 9(a)&(c)) and 0.1 wt.% Al20s-ethanol (Figure 9(b)&(d)) at the top of
pillars and between pillars at both the contact line and at the droplet centre are
introduced presented and discussed next. In addition, two different pillared structures:
squared pillars with lateral dimension d = 10 ym and spacing s = 5 ym spacing and
star-shaped pillars with lateral dimension d = 10 ym and spacing s = 20 ym are
introduced in Figure 9(a)&(b) and Figure 9(c)&(d), respectively. Since the presence of
symmetric micropillar geometries was found to have a rather negligible effect on the
wetting droplet footprint and on the distribution of the deposits, the two structured
surfaces proposed allow for a more detailed comparison and discussion of the
nanoparticle accumulation and/or self-assembly function of the nanoparticle

concentration and microstructure spacing.
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Figure 9 Optical microscopy snapshots of localised Al203 nanoparticle
deposition patterns at the contact line on (left) squared micropillars with
spacing s = 5 ym and (right) star-shaped micropillars with spacing s = 20 pm
after (a) 0.01 wt.% Al203-ethanol and (b) 0.1 wt.% Al203-ethanol nanofluid droplet
evaporation. Panels show (i) the contact line and (ii) the centre of the droplet
focusing at the top of the pillars and at the base level between the pillars as
represented in (top) schematic. Scale bar is 20 uym. (left) Reprinted with

permission from Ref. 5.

For the lowest of the concentrations 0.01 wt.% Al20s-ethanol, there is a clear absence
of particle deposition at the droplet centre both at the pillars’ tops and between pillars
independently of the microstructure spacing as demonstrated in Figure 9(a)(ii) and
Figure 9(c)(ii)). When moving near the contact line, there is a greater proportion of
particles accumulated as a consequence of the advective outwards flow predominant
during evaporation of pinned droplets. In the case of square shaped pillars with lateral
dimiension d 10 ym and spacing s = 5 um (Figure 9(a)(i)) there is more particle

deposition at the micropillars’ tops while less accumulation of the deposits ensues at
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the base level as a consequence of the confined space available for particle
sedminetatoin between pillars. Conversely, for larger spacing on star-shaped pillars
with lateral dimension d =10 10 um star shaped and spacing s = 20 ym, the distribution
of the deposits near the contact line is somewhat opposite. Greater accumulation of
the deposits is found between pillars while less deposits are found at the pillars’ tops

with clear visible gaps as seen in Figure 9(c)(i).

At higher nanofluid concentration of 0.1 wt.% Al20s-ethanol, the distribution of the
deposits changes significantly when looking at the centre of the evaporated droplet.
At the contact line, the deposits are denser across all levels of the surface with
complete coverage of the available surface area, clearly visible when comparing
Figure 9(b)&(d)(i) to Figure 9(a)&(c)(i).The pillars’ tops are found coated in a
deposition pattern matching that of the pillar shape, albeit with a surrounding border.
The particle accumulation is more evident and uniform throughout the pillars’ tops for
squared shaped pillars with lateral dimiension d = 10 ym and spacint s =5 ym (Figure
9(b)(i)) while gaps at the pillars’ tops with absence of nanoparticles can be observed
at the top of star-shaped pillars with lateral dimension d = 10 yum and spacing s = 20
um  (Figure 9(d)(i))Figure 9(d)(i). When looking into the effect of nanofluid
concentration, the increased concentration yields the full coverage of the pillared
structures when compared to lower concentrations where the top of the pillars are
visible in the case of squared shaped pillars with lateral dimiension d = 10 ym and

spacint s =5 ym (Figure 9(b)(i)).

When focusing our attention to the centre of the droplet, scarce nanoparticle
deoposition is found at low nanofluid concentration both at the top and between pillars

(Figure 9(a)(ii) versus Figure 9(c)(ii)) evidencing that most of the nanoparticles travel

Page | 28



-

ROYAL SOCIETY
OF CHEMISTRY

and deposit near the contact line. When increasing the nanofluid concentration, of
major interest is to note the different nanoparticle accumulation and the distinctive
nanoparticle self-assembly into branch-type formations found between pillars, where
the quantity, length, width and intrincate of the branch-like structures are highly
dependent on the spacing between the structures. The dependence of the self-
assembly taking place between pillars on nanoparticle concentration and on the pillar-

to-pillar spacing deserves a further section to comment on this phenonemon.

3.5.4 Localised Microscale Deposition: Nanoparticle Self-Assembly

The next section compares the different distribution and self-assembly of the deposits
left at the centre after the complete evaporation of a nanofluid droplet varying in the
concentration on two different micropillared substrates. Having established that the
geometry of the pillars does not play a major role on the droplet wetting footprint and
on the final particle distribution of the deposits; the pay a closer look at the
accumulation of deposits upon evaporation of an intermediate nanofluid concentration
0.05 wt.% Al20s-ethanol nanofluid droplet and high nanoflconcentration 0.1 wt.%
Al203-ethanol droplets on on circular andon star-shaped pillars, respectively, with
varying spacing s = 5, 10, 20, 40 ym. This allows for the thorough comparison on the
nanoparticle self-assembly function of the nanofluid concentration and the pillar

spacing, which is introduced in Figure 10.
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Figure 10 Optical microscopy snapshots showing the morphology and
distribution of the particle depostis for (left) 0.05 wt.% Al203-ethanol nanofluid
on circular micropillars with lateral dimension d = 10 ym and spacing s = 5, 10,
20 and 40 pm, and (right) 0.1 wt.% AIl203 nanofluid on star micropillars with
lateral dimension d =10 ym and spacing s =5, 10, 20 and 40 pym.. The scale bar
of the optical microscopic snapshots is 20 ym. The droplet shape and
deposition footprint are shown as the inserts with a scale bar of 1 mm. (right)

Reprinted with permission from5°,

The more predominant highly ordered nanoparticle self-assembling is found between
pillars for the highest of the concentrations 0.1 wt.% Al20s-ethanol nanofluid when
compared to the intermediate concentration 0.05 wt.% Al20s-ethanol, i.e., when
comparing Figure 10(right) to Figure 10(left). Henceforth we focus the attention of this
section solely on the deposits reported for 0.1 wt.% Al20s-ethanol in Figure 10(right).
The fractal branched aggregates orginate at the base of the pillars, and extend radially
outward increasing in the length and the complexity of the structures as the pillar-to-
pillar spacing increases (Figure 10(right)). This is owed to the increase of the particle-

particle and particle-fluid interactions as the nanoparticle concentration is increased
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resulting in enhanced agglomeration and self-assembly®3. The constrained geometry
in the presence of short pillar-to-pillar spacing does not allow for efficient particle-
particle and particle-fluid interactions when compared to larger spacing, and as a
consequence shorter self-assembled agglomerates are found, while thicker and larger
self-assembled chains are found at larger spacing. In addition, the lower accumulation
of nanoparticles between pillars for tightly packed pillars is explained in terms of the
self-assembled agglomerates not being small enough to deposit between pillars being
free to move above the structures by the internal outwards flow presumabilty driving
the agglomerates towards the contact line. While the longer and more intrincate self-
assembled agglomerates are able to deposit between the structures in the case of
larger spacings. The effect of particle concentration,pillar geometry and pillar-to-pillar
spacing on the nanoparticle self-assembly and on the distribution of the deposits
forming intricate patterns is here highlighted, which may be further exploited to tailor-

made advanced unique surface patterns for specific technological applications.

5. Conclusions

The wetting and evaporation of droplest on structured surfaces has great potential.
Structuring surfaces can help control both the shape of the wetting droplets from
spherical cap to regular polygons (squares, hexagons, octagons, etc.) to non-
axysimetric or elongated geometries, and therefore the evaporation kinetics of
droplets. Generating specific geometries of liquid droplets by tuning surface
microstrures can help achieving desireable outcomes for specific applications. The
depositions of nanomaterials from drying droplets is another aspect which can be
exploited in conjunction with microstructured surfaces to achieve technologies
otherwise not possible. In summary we demonstrate that in the case of symmetric

micropillared structures the pillar-to-pillar spacing (and not the pillar geometry and/or
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the pillar lateral dimension) play a major role on the control of the droplet wetting shape
and on the final distribution of the deposits near the contact line and at the centre. The
nanofluid concentration was also found to play a big role about all on the morphology

and the distribution of the nanoparticle patterns left at the droplet centre.
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