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New antifrosting strategies based on spatial control of nucleation combined with
nanostructured anticondensation surfaces.
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Control of condensation is important for industrial process and in daily lives as it can limit
vision through transparent surfaces or limit the longevity of materials due to water accumulation.
Here we combined biphilic surface chemistry with nanostructures to obtain the best antifogging
surface.

On a cold substrate placed in a humid atmosphere, condensation droplets form

on the surface limiting the visibility. If the surface is covered with hydrophobic nanostructures
condensation droplets are ejected from the surface upon merging. This allows to reduce the surface
covered by condensation. However, the random nucleation position of the droplets limits the
performance of the surface: droplets nucleating far from each other are large when they jump, and
small if they appear very close.

In this research we developped a biphilic patterning method which allow to control the position of
the droplets of condensation. We understood the optimal spacing between hydrophilic areas that allow
for a perfect nucleation control. We combined this nucleation control with the jumping droplet
property, this allows to make the best antifogging surface in terms of droplets volume, and surface
coverage. These properties can be controlled by the design of the surface biphilic pattern.

Fluid mechanics

antifogging anticondensation nanostructures superhydrophobic



B X C—19, F-19—1 (@)
1. BB YO R (Background at the beginning of the study)

Condensation and frosting are prevalent phenomena, and managing their behavior
is essential for various applications (e.g., antifrosting, better visibility,
and water harvesting). To mitigate the impact of condensation, antifogging
surfaces have been developed using chemical and physical surface modifications.
There are two primary pathways to achieve this: (1) superhydrophilic wet-style
antifogging surfaces, where the surface spreads the condensation into a liquid
film, preventing the scattering of light by the condensation droplets, and (2)
superhydrophobic dry-style antifogging surfaces, where condensation droplets
are ejected from the surface upon merging due to the release of excessive
surface energy. The dry-style antifogging surfaces are more resistant to
contamination and avoid large water accumulation on the surface. However, they
involve drop—wise condensation, where droplets inevitably scatter light to some
degree.

To enhance visibility and reduce droplet surface coverage, two approaches are
known. The first approach is the jumping effect, which maintains constant
droplet surface coverage due to continuous condensate ejections. The second
approach is biphilic condensation control, where condensation is spatially
controlled on hydrophilic sites surrounded by hydrophobic areas. Previous
research successfully reduced droplet surface coverage by making the
hydrophilic patches sparse enough. However, in the absence of the jumping
effect, surface coverage inevitably increased over time.

2. D BB (Purpose of the study)

The goal of this research project is to explore how it is possible to combine
biphilic control of nucleation with the jumping droplet surfaces to obtain the
best antifogging surfaces. In particular, the goal was to understand how
condensation nucleation is controlled by biphilic patterns, how such patterns
can be used on nanocones for jumping droplet removal and finally how the
biphilic antifogging surfaces perform.

3. MEDHE (Research Methods)
We divided this research in three main parts that we will now describe.
(1) Fabrication of biphilic patterned surfaces

The biphilic patterning of surfaces was done by first covering a hydrophilic
surface (silicon wafer, or nanocones) by a layer of photoresist. The photoresist
is then patterned using a laser lithography (DWL66+, Heidelberg - Takeda Super
Clean Room), once developed only cylindrical resist patterns remain on the
surface. The surface is then coated with a hydrophobic coating (1H, 1H, 2H, 2H-
Perfluorooctyltrichlorosilane, Fujifilm) by chemical vapor deposition. This
forms a hydrophobic monolayer on the substrate not covered by the photoresist
The protective photoresist is then removed by sonication in hot acetone and
the surface is cleaned. The resulting surface is biphilic and we made sure to
always use fresh biphilic patterns as the hydrophilic areas tend to get polluted
by airborne contaminant.
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Figure 1. Schematic of the biphilic patterning on a flat silicon chip.



Figure 2. Optical microscope images of the resist patterns with different geometries
The scale bars represent 60 pm.

(2) Understanding of nucleation control on flat surface

To understand the nucleation control on flat surfaces, we used the previously
describe biphilic silicon wafer. The surfaces hydrophilic pattern is made of a
squared grid of cylindrical hydrophilic pattern. The grid pitch denoted /7 is
varied from 20 pm to 140 pm depending on the surfaces. We then performed
condensation experiments under controlled humidity and temperature and the
condensation droplets are observed with a microscope and a camera. We quantify
the condensation control by evaluating the number of hydrophilic patches
covered with a condensation droplet (controlled nucleation) and the number of
droplets that nucleate in the hydrophobic region (uncontrolled nucleation). We
quantify the condensation control by introducing two metrics, /A the probability
for a hydrophilic patch to be covered by a condensation droplet, and P2 the
number of droplets outside of a hydrophilic patch normalized by the total
number of patches. A perfectly controlled nucleation would be A =1 and A =
0. The results will be described in part 4.

(8) Biphilic antifogging surfaces

To reduce the volume and surface covered by the condensation, we propose to
combine the biphilic control with a hydrophobic nanocones surfaces which is
known to be the best existing antifogging surface due to its high jumping
probability and low surface coverage (proportion of the surface covered by
condensation droplets). To reduce the surface coverage and the droplet volume,
we design pairs of biphilic patches. The distance between both patches of a is
a and the distance between the pairs is b (Figure 3), the patch diameter is
denoted as d
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Figure 3. Schematic of the biphilic pattern geometry (left) and SEM image of the
nanocones used in this study (right).

We then perform condensation experiments on the reference superhydrophobic
nanocones and on the biphilic nanocones to evaluate their performances. The
condensation droplets are detected by an image analysis algorithm from which
we can extract the relevant data such as droplets size and position. The results
will be described in the following part 4.

4. PR (Research results)

We will now present the results on nucleation control and on biphilic
antifogging surfaces.



(1) Understanding of nucleation control on flat surface

Patch diameter d =5 pm
© Droplet outside the patch © Droplet on the patch

©0 00 0% 0 00 00 0 O

©©0 0000000000000

Figure 4. Images of the Matlab analysis. Droplets on the hydrophilic patch are marked
blue, and droplets outside the patch are marked red. Scale bars represent 300 pm.

The result of the condensation control as a function of the pattern spacing p
is described in the Figure 6. As we can see on the experimental data from
Figure 5, when the spacing between the hydrophilic patches is to small, some
patches remain dry while when the spacing is too large, all hydrophilic patches
are wet but condensation droplets also appear on the hydrophobic area. This is
visible as P, increases from 0.2 for

a small spacing to 1 for a spacing 1r
larger than 100 um. The number of
uncontrolled droplets per patch P
increases as well when the grid is
sparser. We understood that this
phenomenon takes its origin in the
change of local vapor
supersaturation, using classical
nucleation theory we proposed a
model that can predict this behavior
(plain  curve on Figure 6).
Importantly there is a nucleation—
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(3) Biphilic antifogging surfaces

The condensation experiments conducted on biphilic nanocones revealed several facts
The first one is that the controlled previously performed on flat silicon wafer is
also efficient on nanocones as seen on Figure 7 where pairs of droplets are formed
only on the hydrophilic patterns. The second important point that we can note from
the experiments is that despite the hydrophilic patch which increases the adhesion
for sufficiently large spacing the droplets pair are always jumping upon
coalescence.
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Figure 5. A microscopic image of biphilic jumping condensation A and its analysis B.

A direct comparison between the biphilic nanocones and the classic
superhydrophobic nanocones (SHS) reveals the difference of drop size, size
distribution and surface coverage over time, Figure 8.



t =0min t =10 min t =20 min t =30 min

Figure 6 Comparison between homogeneous antifogging nanocones (top) and SHS (bottom).
a=35um, »=80 pm, and ¢ =5 pm for the biphilic pa§$ern. The humidity and temperature
were 55.3%0.4% and 22.1%+0.1 "C for SHS, and 58.270.3 % 22.1%0.1 °C for biphilic
pattern. The surface temperature was set to around 10 °C so that the supersaturation
will be around 1.25

The quantitative analysis of the images with a custom—made Matlab code reveals
that our surfaces outperform the current best antifogging surface for several
important metrics. First, the surface covered by the condensation is reduced
in the case of the biphilic surface which is beneficial for optical applications
(Figure 8). Second, the average droplet volume is reduced by a factor 5 when
compared to the best current antifogging surface (hydrophobic nanocones),
Figure 8.

Finally, we demonstrated that the surface coverage and mean droplet volume can
be controlled by tuning the biphilic design parameters.
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Figure 7. Evolution of the Surface coverage (left) and mean droplet volume (right)
with time for the best superhydrophobic surface (in blue) and the biphilic nanocones
(in red). Our design outperforms the current state—of—the-art.

Our results constitute the new reference for antifogging surfaces. This is also
a very promising design for antifrosting applications; indeed, one of the
frosting mechanisms is frost propagation from a frosted droplet to the
neighboring supercooled condensation droplets on the surface. The frost
propagation mostly depends on the interdroplet distance and the droplet volume,
both parameters that we can control.
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Improved antifogging surface with paired biphilic pattern
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