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Effect of biphilic pattern type, size and wettability
ratio on atmospheric water collection

Konstantinos Taliantzis and Kosmas Ellinas "2 *

Water scarcity is intensifying worldwide, driving the development of sustainable atmospheric water-harvesting
strategies. Nature-inspired biphilic surfaces, integrating hydrophilic and hydrophobic areas, provide a promising
solution by promoting controlled condensation and directional droplet transport. Although several biphilic
pattern types have been proposed in the literature, there is no systematic study evaluating a series of different
patterns in order to extract specific design guidelines for the biphilic patterning. In this work, we fabricate and
evaluate surfaces with a series of different biphilic patterns, which exhibit different ratio of superhydrophobic/
superhydrophilic area coverage and different working principle for drop capturing and collection in fog collec-
tion and drop nucleation and collection in dew collection. Biphilic patterning is realized on pre-designed, deter-
ministic, micro-topographies (pillars, trapezoids, and honeycombs) which are fabricated using PDMS soft litho-
graphy. In fog collection, water collection rate (WCR) of superhydrophobic surfaces with pillars and trapezoids is
improved compared to untreated PDMS, whereas after biphilic patterning, the WCR is not affected, emphasizing
the importance of drop mobility in fog collection. In dew collection, performance is strongly dependent on the
environmental conditions. At moderate conditions (relative humidity: 70% and temperature difference between
the sample and the environment AT = 15 °C), biphilic surfaces with parallel stripes (width: 1000 pm, spacing:
2000 pm), which act as “water guides” driven by gravity and low surface coverage (35%), exhibit increased WCR
by 156% compared to flat PDMS. From the fabrication point of view, the method presented here is PFAS-free
and scalable, providing another pathway for the realization of water collection interfaces.

1. Introduction
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Rapidly widening water scarcity has sharpened interest in
passive atmospheric water harvesting (AWH), where atmos-
pheric water collection can offer alternative, low-energy, water
supply pathways that can complement conventional infrastruc-
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ture in arid and coastal regions."™ Engineering progress has
largely followed nature: directional capture, guided transport,
and quick shedding inspired by beetle elytra, cactus spines,
leaves, and spider silk have been emulated at multiple scales
to improve both fog and dew collection, which stand as the
two types of water source from air.>”® Reviews spanning
materials, structures, and deployment underscore two recur-
ring levers for performance: (i) stabilizing favorable wetting
states to boost nucleation and suppress flooding,">'" and (ii)
programming capillarity to drive coalesced drops toward col-
lectors with minimal retention and re-evaporation.”* In this
context, it is important to distinguish between the two primary
sources of atmospheric water, as their collection requirements
differ fundamentally based on the physical state of the water.
Fog consists of liquid water droplets suspended in the air;
therefore, its collection is primarily a mechanical process
dominated by droplet impact, capture, and shedding mobility.
Conversely, dew refers to water in the gaseous vapor state that
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undergoes a phase change into liquid when it comes into
contact with a surface cooled below the dew point.
Consequently, dew harvesting efficiency is determined by a
combination of nucleation site density, latent heat dissipation,
and subsequent droplet drainage. Understanding these dis-
tinctions is crucial for designing surfaces that can effectively
manage both airborne droplet capture and vapor phase-
change cycles.®

In fog collection, early biomimetic surfaces coupled micro/
nano-textures with wettability patterning to create capture-
drain “circuits”, such as hydrophilic islands or channels which
can nucleate and coalesce droplets while adjacent hydrophobic
textures minimize adhesion and speed shedding have been
proposed.’®>™*” Such approaches have been reported as surfaces
which can significantly improve fog collection rates compared
to surfaces with single wettability.'"® Recent research efforts
have focused on fabrication techniques that allow precise
control of biphilic patterns, such as lithography, laser structur-
ing, plasma treatment, inkjet printing, and chemical
patterning.’®?* Channel-type designs (“capture & canalize”)
consistently outperform homogeneous meshes in guided
transport regimes,*>** while gradient-Janus and hybrid-wett-
ability films reduce pinning and shorten drainage paths.>*>?°
Beyond topographic motifs, nonwoven and textile-based collec-
tors leverage 3D porosity, large interfacial area, and multiscale
roughness to enlarge capture cross-section and present low
hydraulic resistance to departing droplets.”””?® For example, a
carbon-nanotube-coated nonwoven fabric inspired by the
desert plant Salsola crassa, reported a fog yield of 2167 mg
em? h™' (~520 L m™? day ") by combining a Cassie-Baxter
(hydrophobic) needle-punched face with a mildly hydrophilic
carbon-nanotube-coated side and optimized fiber-fiber junc-
tions—an explicit demonstration that wetting contrast and
hierarchical porosity can be co-designed for very high
throughputs.>

In dew collection, the controlling physics differ: yields are
set primarily by nucleation sites density in combination with
drop mobility which can be manipulated by controlling the
surface chemistry and topography.>®*! Whereas, the environ-
mental conditions e.g. temperature difference between the
sample and the environment (AT) and Relative Humidity (RH)
are also critically affecting the water which is available for
collection.>*** It has also been reported that filmwise conden-
sation in atmospheric water collection (i.e. for humid air) can
provide high water collection rates on superhydrophilic sur-
faces. Classic dewing studies established that dropwise con-
densation maximizes heat transfer and net yield relative to
filmwise modes;** however, patterned “biphilic” surfaces
(hydrophilic features on hydrophobic backgrounds) can
further improve nucleation, without compromising the overall
water mobility. It is therefore evident that literature in fog and
dew collection includes several examples of biphilic surfaces
with different biphilic area coverage to co-optimize nucleation
and water collection.>**® For example, Hou et al.*>” introduced
nanoscale-topography-based biphilicity to steer droplet self-
organization and flow across hybrid wetting textures.
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Chehrghani et al®® theoretically/experimentally identified
optimal hydrophobic-island sizes on superhydrophobic back-
ground for sustained dropwise flow condensation. Studies
tuning the “active surface area” confirm that capture efficiency
and drainage speed trade off with coverage; there is a finite
window where coalescence is rapid yet films don’t percolate.*®
Related biomimetic strategies implementing synergistic
driving forces (Laplace, gravity, and Marangoni), superhydro-
phobic collectors augmented for initial capture,’® and atmo-
sphere-mediated, durable biphilicity on structured substrates
can deliver measurable gains as much as 20% fog-harvesting
improvement with scalable, abrasion-resistant patterning
while addressing long-term durability needs.*’ Review papers
and comparative experiments further emphasize that: (a) fog
and dew reward different “best” designs because their limiting
steps differ (capture rate versus heat-transfer-limited nuclea-
tion),*? (b) transport geometry matters—spots versus stripes
alter coalescence pathways, liquid bridges, and ejection
mechanisms under otherwise identical chemistries** and (c)
practical systems must integrate scalable patterning, mechani-
cal robustness, and environmental compatibility (e.g., low hys-
teresis superhydrophobic backgrounds with stable hydrophilic
domains).**™*® Finally, there are some recent interfacial heat-
transfer and phase-change studies trying to map how pat-
terned wettability modifies local condensation modes, tran-
sition to filmwise states, and shedding thresholds under vari-
able flux, offering design rules that bridge lab setups and field
conditions.**>*

Beyond liquid water collection, the engineering of biphilic
surfaces is affected by research into condensation-frosting. It
has been demonstrated that inter-droplet ice bridging (i.e.
when a frozen droplet harvests water from neighboring super-
cooled liquid droplets to propagate across a surface) can be
passively halted by using chemical micropatterns to spatially
control nucleation sites. This spatial control is found to be
pitch-dependent and perfect spatial control of condensation
was observed for patterns with a pitch of 2, whereas larger
pitches resulted in unintended nucleation on hydrophobic
regions.>

Despite this progress, quantitative, side-by-side mapping of
the effect of hydrophilic features size, shape (spots vs. stripes)
and biphilic area coverage on a series of different micro-topo-
graphies (pillars, trapezoids, honeycombs) that can induce
extreme wetting contrasts across both fog and dew regimes
remains limited. Existing works often optimize a single
pattern on a single topography (which in most times is
random) or evaluate only one collection mode (fog or dew),
making it hard to extract which biphilic pattern or combi-
nation of underlying topography and bihilic type is beneficial
versus specific conditions. Moreover, from the fabrication
point of view, many methods proposed are complex or involve
the use of PFAS substances. Herein we try to fill this gap by
fabricating a wide range of different PFAS-free, biphilic sur-
faces, e.g. superhydrophobic surfaces with hydrophilic spots
with diameter of 500 pum and 1000 pm and superhydrophobic
surfaces with hydrophilic stripes with width 1000 and spacing

This journal is © The Royal Society of Chemistry 2026
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1000 pm or 1000 width and 2000 um spacing realized on three
microtextures (pillars, trapezoids, honeycombs). Then these 12
different surfaces are benchmarked in both fog and dew per-
formance under controlled RH-AT conditions. Specific topo-
graphy design guidelines and biphilic patterns are demon-
strated as more efficient and the underlying mechanism is
also discussed.

2. Materials and methods

2.1. Fabrication of Si masters for soft lithography

For the fabrication of the ordered, superhydrophobic surfaces
silicon masters with three different topographies (circular
pillars, trapezoids and honeycombs) were realized utilizing
lithography on silicon wafers followed by wet or dry etching. Si
wafers were cleaned with piranha solution prior to the treat-
ment. HMDS was deposited on the wafers (spin coating at
3000 rpm for 30 seconds) to improve the adhesion of the
photoresist. The photoresist that is used in this work is the AZ
5214E, which was spin coated on the wafers at 3000 rpm for 30
seconds, resulting in a thickness of 1.5 pm. Next, the wafers
were thermal treated at 95 °C for 10 minutes. For the three pat-
terns fabricated, quartz masks were designed and purchased
(Fig. 1a—c). For the exposure a Karl Suss MA6 mask aligner was
used, which allows for vacuum contact. The exposure duration
was 70 seconds at 320 nm wavelength. For the removal of the
exposed photoresist developer 726 MIF was used and the devel-
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opment lasted 1 minute, followed by thermal curing at 120 °C
for 15 minutes. Images of the patterns created on the Si wafers
after the optical lithography step are provided in Fig. 1(d) and
(e). For the pattern transfer of the posts and the holes patterns
plasma etching (Bosch process) was used.

The Bosch process was performed using an Alcate]l MET
ICP plasma reactor. The process alternated between a depo-
sition step and an etching step. During the deposition phase,
C,Fs gas was introduced at a flow rate of 105 sccm for 3
seconds. This was followed by the etching phase, where SF,
gas was flowed at 170 scem for 6 seconds. The reactor operated
with a source power of 1900 W and a bias power of 150 W,
while the chamber pressure was maintained at 45 mTorr.
Throughout the process, the sample temperature was held con-
stant at 20 °C. The process lasted for 5 minutes for the large
circular pillars and 2 minutes for the small circular holes. In
Fig. 2 are presented SEM images of the Si masters after the
bosch etching. Fig. 2a shows Large circular pillars after
etching for 5 minutes. Fig. 2b shows the small circular holes
etched for 2 minutes.

For the trapezoidal structures, first 200 nm of silicon oxide
was developed on the wafers via thermal oxidation at 1100 °C
for 140 minutes using a TEMPRESS oven to enhnance
adhesion of the nitride which will be deposited. Then, a
200 nm layer of nitride was deposited on the wafers using
chemical vapor deposition at 800 °C for 30 minutes. After the
nitride deposition, the same process of optical lithography was
used, HMDS was deposited on the wafers, followed by the AZ
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Fig. 1

(a)—(c) Images from optical microscope of the quartz masks for (a) 18 pym wide circular pillars in hexagonal formation, which will provide

honeycomb cavities on PDMS, (b) 5 um wide circular holes in which will provide cylindrical pillars on PDMS, (c) 5 pm wide square holes which will
provide trapezoids on PDMS. (d) 18 um wide circular pillars in hexagonal formation (Si master), which will provide honeycomb cavities on PDMS, (e)
5 pm wide circular holes (Si master), which will provide cylindrical pillars on PDMS, (f) 5 pm wide square holes (Si master), which will provide trape-

zoids on PDMS.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 SEM images of the Si master for (a) large circular pillars (diameter is 18 pym and the depth 15 pm) (b) small circular holes (diameter is 5 um
and the depth 5 um) (c) trapezoids (square width is 7 um and the depth 4 um).

5214E. Next, the wafers were cured at 95 °C for 10 minutes and
the exposure lasted 70 seconds at 320 nm wavelength. For the
removal of the exposed photoresist again developer 726 MIF
was used, the development lasted 1 minute, followed by curing
at 120 °C for 15 minutes. For the pattern transfer to the
nitride, SF¢ plasma etching was used for 5 minutes followed
by immersion in BHF for 1 minute (to remove the last layer of
the oxide smoothly). Finally, the wafers were cleansed with
acetone and propanol to remove the remaining photoresist.
For the formation of trapezoid holes, the square patterned
silicon wafers were subjected to silicon -crystallographic
etching, using KOH solution. The set up consists of a vessel
that contains the KOH solution, immersed in a bath of oil,
that contains heating coils for the temperature control, and 3
beakers, 1 with 1% HF solution, and 2 with DI water, for the
removal of the natural silicon oxide. The KOH solution concen-
tration was 40% and the temperature was set at 60 °C, these
parameters correspond to an etching rate of about 450 nm
min~". The wafers were immersed in the 3 beakers and then
immediately immersed in the KOH bath, followed again by
immersion in water for the removal of the solution. Etching
time was set to 10 minutes and the resulting Si master was
characterized using optical profilometry.

In Fig. 2, the scanning electron microscopy (SEM) images
of the three Si masters are provided. Three-dimensional
optical profilometry maps and the corresponding line profiles
are provided in the SI. On the large circular pillars diameter is
18 pm and the depth 15 pm, on the small circular holes dia-
meter is 5 pm and the depth 5 pm and on the square width is
7 pm and the depth 4 pm.

2.2. Design and fabrication of superhydrophobic and
biphilic surfaces

For the pattern transfer of the master topography, we used the
soft lithography using Polydimethylsiloxane PDMS which also
provides flexibility. Polydimethylsiloxane (PDMS) prepolymer
was prepared by combining the base and curing agent (10:1
w/w) and mixing until homogeneous. The mixture was
degassed under vacuum to remove entrained air, dispensed
onto the different stamps, and spin-coated (at 580 rpm for 60

Nanoscale

s) to fill the relief features, resulting in a thickness of 200 pm;
a brief second degassing minimized trapped bubbles. The
coated stamp was then thermally cured on a hot plate (80 °C,
until fully cross-linked) and allowed to cool to room tempera-
ture. Finally, the PDMS was gently demolded to obtain an
accurate replica of the Si master microstructure. Samples for
fog collection, were prepared as square plates measuring 2 cm
x 2 cm with a thickness of 2 mm and for dew collection PDMS
samples were square plates measuring 4 cm X 4 cm with a
thickness of 0.2 mm. The complete process is shown in SI.

A total of four different stencil masks were designed to
create superhydrophilic patterns on the superhydrophobic
PDMS substrates. Two types of biphilic patterns (spots and
stripes) with different geometrical characteristics were pre-
pared to study the effects of pattern design on water collection
efficiency. The masks were designed in AutoCAD and fabri-
cated by drilling or milling with the use of micromilling
machine (LPKF protomat E44) on 1 mm thick PMMA sheets to
ensure accurate dimensions and pattern fidelity. The sche-
matic representation of the process to develop the biphilic sur-
faces is shown below (Fig. 3a). Prior to use, all stencils were
thoroughly cleaned with ethanol to remove any contaminants.
Each stencil was carefully aligned and placed in direct contact
with the PDMS substrates. Alignment was crucial to ensure
that the superhydrophilic patterns were accurately transferred
according to the designed geometries. Stencils were secured in
place using adhesive tapes at the edges, avoiding interference
with the coating area. The designs realized are: Pattern 1:
uniform array of circular spots (spot diameter 500 pm and
400 pm spacing, Fig. 3b). Pattern 2: uniform array of circular
spots (spot diameter 1000 pm and 800 pm spacing, Fig. 3c).
This design enables the evaluation of the effect of spot size on
fog and dew collection. For the creation of stripes, channels
were engraved on the PMMA. Pattern 3: stripes of 1000 pm
width and 1000 pm spacing (Fig. 3d). Pattern 4: stripes of
1000 pm width and 2000 pm spacing (Fig. 3e). This design
aimed to investigate the influence of line width and spacing
on directional water transport during fog and dew collection.
The hydrophilic coverage for each mask is the following 25%
for both circular-spot designs (500 pm and 1000 pm), 50% for

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr05114b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 7:21:42 AM.

[{ec

View Article Online

Nanoscale Paper

Mask alignment UV ozone for site activation

o>

R

Biphilic Spots

No Calibration &8 0:16  Unit: mm | Magnificati

Fig. 3 (a) Schematic representation of the process to fabricate biphilic surfaces, with blue the hydrophobic areas and with green the hydrophilic
domains created using the stencil slot-die coating process are shown. Optical microscope images of the stencils that are used for the biphilic pat-
terning: (b) spots of 500 um diameter and 400 pm spacing (25% hydrophilic coverage), (c) spots of 1000 pm diameter, 800 pm spacing (25% hydro-
philic coverage), (d) stripes of 1000 pm width and 1000 pm spacing (50% hydrophilic coverage), (e) stripes of 1000 pm width and 2000 pm spacing
(35% hydrophilic coverage).
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1000 :1000 pm stripes, and 35% for 1000 : 2000 pm stripes. In
this way except from the pattern type the biphilic ratio will be
also evaluated.

Then, PEG 8000 (10% wj/v) was used to create the four
different superhydrophilic pattenrs on the masked substrates.
Ossila slot die coater was used to apply the PEG 8000 solution.
The coating parameters used are: coater shim: 0.1 mm thick-
ness, bed temperature: 100 °C, coating length: 70 mm, coating
speed: 5008 mm s, dispense rate: 20 137 pl s™*, stage delay:
0. After coating, the substrates were placed under a UV light
source emitting at 365 nm. Samples were exposed for 2 hours
to ensure complete cross-linking and adhesion of the PEG8000
coating. The extended exposure time was selected based on
preliminary tests indicating optimal curing conditions for the
PEG 8000 layer. After UV exposure, the substrates were allowed
to sit for an additional 1 hour at room temperature. This step
ensured that the PEG8000 coating was fully set and any
residual moisture had evaporated.

2.5. Fog collection setup

The experiment utilizes a 11 L plastic container which is filled
with 2 L of DI water, ensuring the ultrasonic mist makers are
fully submerged. A 9 L, 550 W oil free compressor, positioned
on the container’s lid, facilitates the airflow necessary for
directing fog through a nozzle at a constant speed of 3.3 m
s~'. Positioned 10 cm from the nozzle, a metal sample holder,
directly facing the fog flow, supports the sample collection
with a beaker placed beneath to gather the water. Every
15 minutes, water collection is quantitatively measured using a
precise 4-digit scale over a duration of 45 to 60 minutes. All
measurements were repeated three times per tested surface to
ensure reproducibility. In total 3 different surfaces were evalu-
ated and the average water collection rate and standard devi-
ation were extracted.

2.6. Dew collection setup

Dew collection experiments were performed in a sealed trans-
parent chamber (30 x 10 x 15 cm) with controlled humidity
and temperature. A Peltier thermoelectric cooling module was
used to cool the test surfaces, generating a surface-to-air temp-
erature difference (AT) of 5 °C or 15 °C. The chamber humid-
ity was set to either 70% or 90% using an ultrasonic humidi-
fier connected through a regulated airflow line. Each 4 x 4 cm
surface was placed horizontally on the cooled stage, with a
thermocouple attached to monitor temperature. Dew con-
densed directly onto the exposed surface as it cooled below the
dew point. The collected water was measured using a precision
balance at regular time intervals over a 90-minute collection
period. All measurements were repeated three times per tested
surface to ensure reproducibility. In total 3 different surfaces
were evaluated and the average water collection rate and stan-
dard deviation were extracted. This setup enables a controlled
comparison of dew harvesting efficiency between biphilic sur-
faces under well-defined environmental conditions. (The
images and the detailed description of the experimental con-

Nanoscale

View Article Online

Nanoscale

figurations used for the evaluation of fog and dew collection
are provided in section S3 of the SI.)

2.7. Video analysis of drop formation, growth and removal

To investigate the physical mechanisms governing the water
collection performance of surfaces with different micro-topo-
graphies, in situ dynamic droplet video tracking was con-
ducted. Videos were recorded at 120 or 240 fps. Specifically,
the dimensions of the ten largest droplets on each surface
were measured at 10 seconds intervals, allowing for the precise
extraction of the time-dependent evolution of the mean
droplet diameter up to the point of droplet departure. For the
drop size analysis Image J software was used.

3. Results and discussion

3.1. Surface morphology

The pattern transfer on the PDMS was evaluated using SEM
imaging as well as white light interferometry (Fig. 4). The
three different topography types (pillars, trapezoids and hon-
eycombs) were designed to provide a superhydrophobic state
with apparent contact angle higher than 150° following
Cassie-Baxter equation. To this end, f; (solid-liquid area frac-
tion) is close to 0.2 for all three types of topographies.
However, these topographies exhibit different geometrical
characteristics and are expected to exhibit different perform-
ance in atmospheric water collection. For example, the honey-
comb type surfaces exhibit large and relatively deep cavities,
whereas the trapezoid type surfaces can enable an upwards
Laplace pressure gradient, which can be beneficial in atmos-
pheric water collection.>® Finally, the pillar type surface is a
typical ordered topography used for superhydrophobicity.

3.2. Wetting properties

To systematically investigate the influence of topographical
and chemical patterning on atmospheric water harvesting, a
comprehensive matrix of twelve distinct biphilic designs was
engineered. To ensure robust macroscopic validation and
account for physical fabrication variance, three independent
replicate surfaces were fabricated for each design, yielding a
total library of 36 distinct testing samples. Three distinct
microstructured substrates were employed as the superhydro-
phobic background: pillars (consisting of vertical cylindrical
pillars with a height of approximately 5 pm and a diameter of
5.5 pm), honeycombs (characterized by a honeycomb-like
structure with a 15 pm height and 18 pm diameter), and trape-
zoids (featuring trapezoid-like features with a height of 4 pm
and a large base surface area of approx.7 x 7 pm). On top of
each substrate, four different superhydrophilic pattern geome-
tries were applied to create contrasting wetting regions: circu-
lar spots with diameters of 500 pm and 1000 pm, and stripe
patterns with dimensions of 1000:1000 pm and
1000:2000 pm (hydrophilic : hydrophobic). This combination
of surface topographies and pattern geometries resulted in
twelve unique biphilic configurations that enable a systematic

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 SEM images of the three deterministic topographies fabricated by PDMS soft lithography to enable the realization of superhydrophobic sur-
faces and their respective surface topography analysis using optical interferometry for (a) pillar-type structures (b) trapezoid-type structures (c) hon-
eycomb-type structures (d) representative images of the 4 different biphilic surfaces (left to right spots 500 um, 1000 pm, stripes 1000 : 1000 pm,
stripes 1000 : 2000 pum).
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evaluation of pattern size, shape and biphilic ratio in fog and
dew collection performance. The static water contact angle
(WCA) and contact angle hysteresis (CAH) for the superhydro-
phobic and superhydrophilic areas of each substrate are sum-
marized in Table 1, illustrating the strong wetting contrast
between the two regions.

3.3. Drop formation evaluation and biphilic surfaces working
principle

As observed in the resulting kinetic profiles, the micro-struc-
tured topographies accelerated both droplet coalescence and
the overall shedding frequency relative to the untreated PDMS.
On the structured pillar and trapezoid surfaces, captured dro-
plets exhibited highly dynamic growth, rapidly coalescing to
reach critical departure diameters of 3.22 mm and 3.19 mm at
just 140 seconds and 150 seconds, respectively. Upon reaching
this critical size threshold, the droplets shed immediately,
mechanically demonstrating a highly mobile, low-adhesion
Cassie-Baxter wetting state (Fig. 5). In contrast, droplets on
the flat and untreated PDMS surface, exhibited delayed
coalescence and severe capillary pinning. At ¢ = 140 seconds,
the exact time at which the pillar arrays were already initiating
macro-shedding events, the droplets pinned on the flat PDMS
had only reached an average diameter of 1.6 mm.
Consequently, the untreated PDMS required a severely pro-
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longed residence time (~300 seconds) and much higher depar-
ture diameter (>4 mm) to overcome the adhesion force of the
PDMS surface (Fig. 5).

More interestingly, the honeycomb topography exhibited
severe pinning of the drops in the micro-cavities and transi-
tioned into a flooded Wenzel state. This resulted in the for-
mation of elongated liquid films that cleared only once every
10 minutes, thereby providing a mechanistic explanation for
the significantly lower collection efficiency which is observed
in the next sections in both modes of water collection. Videos
for all surfaces are provided as SI.

Moving now on the working principle of the biphilic pat-
terns. On the stripe configurations, water removal operates
through a highly efficient, continuous five-stage cycle as
shown in Fig. 6. During Stage 1 (nucleation and growth),
micro-droplets nucleate and continuously grow via coalescence
on the superhydrophobic runway, maintaining a highly spheri-
cal shape due to low surface adhesion. In Stage 2 (boundary
interception), the droplets reach their critical departure dia-
meter and make physical contact with the chemical boundary
of the adjacent superhydrophilic stripe. This triggers Stage 3
(capillary migration), where strong capillary forces from the
superhydrophilic domain actively draw the droplet off the
hydrophobic lane, initiating rapid directional transport.
During Stage 4 (complete surface clearing), the droplet is fully

Table 1 Water contact angle (WCA) and contact angle hysteresis (CAH) measurements on the biphilic surfaces

Hydrophobic/superhydrophobicareas

hydrophilic/superhydrophilic areas

Substrate WCA CAH WCA

Pillars 162° 9o 20°

Trapezoids 145° >45° 17°

Honeycombs 140° 40° 16°

Nanoscale This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Time evolution of the mean size of the 10 largest droplets on each surface during fog collection. Representative optical images are provided
to visually capture the critical progression of the collection cycle on each surface, specifically highlighting localized nucleation, continuous droplet
growth into a single critical mass, and subsequent shedding.

(a) (b)
(d)

Fig. 6 Time-lapse optical images illustrating the five-stage capillary-driven droplet removal mechanism on the biphilic stripe patterns during fog
harvesting. (a) Nucleation and highly spherical growth on the superhydrophobic runway. (b) Boundary interception as the droplet reaches its critical
departure diameter. (c) Capillary migration initiated by the adjacent superhydrophilic domain. (d) Complete surface clearing as the droplet transfers
into the hydrophilic reservoir and sheds via gravity. (e) Cycle renewal, exposing the dry hydrophobic runway for subsequent fog capture.
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transferred into the hydrophilic channel and subsequently
sheds via gravity, leaving the superhydrophobic runway empty
and ready for Stage 5 (cycle renewal), in which the cleared
hydrophobic runway immediately exposes fresh nucleation
sites, preventing generalized filmwise condensation and
restarting the high-efficiency collection cycle.

On the other hand, the discrete biphilic spot patterns
operate through a mechanism of geometric confinement,
which was documented in a three-stage visual sequence
(Fig. 7). Initially, micro-droplets are formed and start to
accumulate on the localized superhydrophilic capture points.
As time passes, these droplets grow and coalesce to create
larger, localized liquid formations with an average size of
3 mm. While these formations deviate from ideal spherical
droplets due to the high-adhesion pinning of the spots, the
physical separation provided by the highly repellent superhy-
drophobic background effectively arrests extensive liquid brid-
ging. This confinement actively stops the formation of the con-
tinuous, macroscopic water films that were observed comple-
tely flooding the stripe patterns. Finally, once these discrete
3 mm formations reach their critical mass, gravity overcomes
the localized pinning forces, rapidly removing the liquid and
leaving the area completely open for cycle renewal. Live video
analysis determined that this discrete growth and shedding
process operates on a consistent cycle, averaging 2 minutes
and 40 seconds. Again, videos for both types of biphilic sur-
faces are provided as SI.

3.4. Fog collection results

Fog harvesting was measured as water collection rate (WCR)
using a fog flow of 3.3 m s~ and the sample was placed at a
distance of 10 cm from the fog outlet. Fig. 8 compiles the
results for all twelve biphilic combinations together with a flat
hydrophobic PDMS sample as reference. The flat PDMS refer-
ence sample exhibited an average WCR: 4.01 + 0.76 g cm >
h™". Among the three micro-structured substrates with one

(b)

View Article Online
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type of wettability, the surface with the highest WCA and lower
CAH (i.e. pillars) which exhibits inherently high droplet mobi-
lity achieves the highest baseline in WCR reaching 4.39 g cm™>
h™", significantly higher compared to flat PDMS (the perform-
ance of the hydrophobic and superhydrophobic surfaces in fog
collection is provided in the SI).

The primary factor governing fog harvesting is droplet
mobility. Because fog collection is dominated by flow-driven
droplet impact, efficient harvesting requires rapid removal of
droplets immediately after they land on the surface. Surfaces
that minimize pinning and enable directional drainage are
expected to perform better. To this end, wettability is expected
to critically affect WCR. Biphilicity can be beneficial by provid-
ing extra capturing points, but increased biphilic ratio can
delay droplet shedding, particularly on topographies that
already exhibit high mobility. Interestingly, all biphilic pat-
terns tested with biphilic surface coverage from 25 to 50%
reduced WCR by approximately 11-30%. This indicates that,
on surfaces where droplet shedding is already efficient,
additional hydrophilic regions can impede drainage rather
than enhance capture. For pillar substrates, all four biphilic
designs produced fog yields within a narrow range. The sur-
faces patterned with 500 um spots, 1000 um spots, 1 : 1 stripes,
and 1:2 stripes collected 3.86 + 0.32, 3.72 + 0.69, 3.66 * 0.55,
and 3.76 + 0.48 g cm~> h™", respectively. The best-performing
configuration (500 pm spots) remained only 3.6% below the
flat hydrophobic PDMS reference sample, and in all other pat-
terns WCR decreased by 6-9%. These results suggest that once
a substrate already exhibits high droplet mobility, the detailed
geometry of the biphilic pattern has only marginal influence
on fog collection. Trapezoidal surfaces show a slightly broader
spread in performance across patterns. The surface with
1000 pm spots collected 3.81 + 0.64 g cm™> h™", approximately
5% below the PDMS reference. The remaining biphilic variants
—500 um spots, 1:1 stripes, and 1:2 stripes—yielded 3.25 *
0.53, 3.46 + 0.59, and 3.00 + 0.52 g cm > h™", corresponding to

Fig. 7 Time-lapse visualization of the discrete droplet growth and removal cycle on the biphilic spot patterns during fog harvesting. (a) Initial
nucleation and accumulation of micro-droplets on the superhydrophilic capture points. (b) Coalescence into larger, discrete liquid formations (aver-
aging 3 mm in size). The superhydrophobic background geometrically confines the water, actively preventing the formation of a continuous,
flooded film. (c) Rapid, gravity-driven removal of the liquid formation once critical mass is reached, leaving the surface completely open for cycle
renewal. This complete clearing cycle operates at an average frequency of 160 seconds (2 min 40 s).
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Fig. 8 Fog collection performance of biphilic surfaces with different biphilic patterns on surfaces with pillar, honeycomb, and trapezoid

microstructures.

reductions of 19%, 13%, and 25%, respectively. Larger circular
spots appear better suited than stripes for this topography,
likely due to their ability to act as capturing points without
compromising droplet mobility to the degree that stripes affect
it (biphilic ratio is 25% compared to higher biphilic ratios for
the stripes 35-50%).

Honeycomb substrates suffer from intrinsically low droplet
mobility and strong retention within the cavities. The larger
interspace distance for this topography is significantly larger
compared to the other two and drops pin and don’t jump
upon coalescence. In this topography, hydrophilic patterning
significantly improves performance. The honeycomb surface
collects only 2.01 + 0.90 g ecm™2 h™", but this value increases
to 3.67 + 1.08 ¢ cm > h™' when patterned with 500 um
spots, representing an 83% improvement. The surfaces pat-
terned with 1000 pm spots, 1:1 stripes, and 1:2 stripes
collect 2.45 + 0.16, 2.26 * 0.43, and 2.29 = 0.57 g cm™> h™,
corresponding to gains of 22%, 13%, and 14%, respectively.
Nevertheless, even with these enhancements, the WCR in all
honeycomb-based designs remain significantly lower com-
pared to the PDMS reference sample (between 8% and 44%),
indicating that biphilicity improves performance, but cannot
completely eliminate the limitations imposed by the honey-
comb geometry.

Overall, these results highlight that droplet mobility is the
dominant mechanism in fog harvesting. For surfaces with
inherently good shedding such as pillars, hydrophilic coverage
should be kept minimal (<25%), and small circular spots are
preferred. For retention-prone geometries such as honey-
combs, moderate coverage with dense arrays of small hydro-
philic spots can provide the greatest gain.

This journal is © The Royal Society of Chemistry 2026

3.5. Dew collection results

Each surface consisted of a hydrophobic and superhydropho-
bic microstructured topographies fabricated in the form of
pillars (5.5 um height), honeycombs (15 um height), or square-
based trapezoids (4 pm height) combined with patterned
hydrophilic regions in the form of circular spots or linear
stripes (500 pm spots, 1000 pm spots, 1000 : 1000 pm stripes,
and 1000 : 2000 pm stripes). Dew collection efficiency was eval-
uated under three representative environmental conditions: (i)
70% RH/AT = 15 °C, (ii) 90% RH/AT = 15 °C, and (iii) 90% RH/
AT = 5 °C. The results are reported as mean water-collection
rate (WCR, g cm™> h™') and as percentage gain relative to the
plain PDMS surface used as reference in Fig. 9a—c.

Unlike fog harvesting, in which droplet mobility is the
dominant factor, dew collection is a phase change phenom-
enon, which depends on both droplet mobility as well as in
nucleation sites density, which determine the nucleation
rate.>® Nucleation sites density is affected by surface properties
like topography and wettability, since: (a) specially engineered
patterns, can manipulate nucleation density and can enable
control on how droplets are formed and behave during con-
densation cycles. (b) Hydrophilic areas can form more hydro-
gen bonds and attract vapor molecules. Thus, to improve dew
collection, optimization of both droplet mobility as well as
nucleation sites density is required. The flat PDMS reference
sample yielded 0.0163 + 0.0033 ¢ cm™> h™" at 70% relative
humidity and AT = 15 °C, 0.0317 + 0.0058 at 90% RH and AT =
5 °C, and 0.0467 + 0.0153 at 90% RH and AT = 15 °C. As
expected, increasing humidity and temperature difference led
to higher absolute water collection rates.
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humidity of 90% and temperature difference of 15 °C.
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Under intermediate humidity conditions (70% RH and
AT = 15 °C) (Fig. 9a), the most effective design combined pillar
microstructures with parallel hydrophilic stripes W = 1000: S =
2000 pm. This surface collected 0.0417 + 0.0050 g cm > h™'—a
156% improvement over flat PDMS. In this regime, where both
nucleation and drainage are moderate, the introduction of
stripes plays a critical role. The hydrophilic stripes promote
nucleation and coalescence in the hydrophilic areas and then
gravity in combination with the stripes provide directional
drainage, while the remaining superhydrophobic areas sup-
ports fast droplet removal. According to calculations done in a
previous work,?® the film on the superhydrophilic area will
grow to a thickness of approximately 150-200 pm, and then
water will slide with an average velocity of 0.1 ms™", thus the
effect of the poor mobility on superhydrophilic areas is
reduced. Hydrophilic coverage also plays a central role in water
collection performance. At these conditions (70% RH and AT
= 15 ©°C), the Dbest-performing surface (pillars with
1000:2000 pm stripes) featured 35% hydrophilic coverage.
This configuration outperformed PDMS by balancing drainage
pathways with a sufficient superhydrophobic “runway” (65% of
the total area) to sustain rapid water collection. Increasing
hydrophilic area further (e.g., 50% stripes) reduced effective-
ness by suppressing mobility. Biphilic spot patterns at 70%
RH and AT = 15 °C, neither spot size on pillars outperformed
the stripe-based optimum, and trapezoids again preferred
1000 pm (0.0285 vs. 0.0120).

At high humidity levels (90% RH) and significantly lower
temperature difference (AT = 5 °C) (Fig. 9b), the pillar struc-
tures with 1000: 1000 stripes, trapezoids with 1000 pm spots
and trapezoids with 1000: 1000 stripes exhibited the highest
WCR, achieving 0.039, 0.0408 and 0.0363 g cm™> h™" repre-
senting a WCR improvement over 25% compared to PDMS.
Here, the benefit is more modest but still evident, driven
mainly by the high biphilic area coverage which in two of the
best performing surfaces is 50%. Recent literature also
suggests that filmwise condensation is better in atmospheric
water harvesting, since nucleation rate on superhydrophilic
surfaces is significantly higher compared to superhydropho-
bic, whereas the conduction thermal resistance can be negli-
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gible, enabling condensation which is driven by diffusion and
drainage rates.**

At high humidity conditions (90% RH) and AT = 15 °C
(Fig. 9¢), in which the water content of the vapor is signifi-
cantly higher, the highest performance was achieved with
1000 pm hydrophilic spots, yielding a WCR of 0.0717 g cm™>
h™" (on trapezoids) and WCR 0.065 g em™> h™" (on pillars),
which is translated to a 53.5% and 39% gain over the PDMS
reference. The improvement arises from the increased nuclea-
tion sites density on the hydrophilic spots without promoting
early film formation and without compromising the overall
water mobility of the surfaces, since biphilic area coverage for
this biphilic design is low (25%). Moreover, it is also evident
that the critical departure diameter (D,) is also a critical factor.
The WCR results at high humidity (90% RH) and AT = 15 °C
clearly show that when vapor content is high, this can lead to
rapid droplet growth and the 1000 pm spots act as larger ‘capil-
lary reservoirs’, which enable the growth of larger drops on the
hydrophilic areas outperforming the 500 pm variants, despite
the fact that on the smaller 500 pm spots critical departure
diameter is expected to be lower (yielding 0.0717 vs. 0.0230
gem >h™" on trapezoids).

The results presented indicate that there is no universally
optimal geometry, but clear strategies emerge for different
regimes. When water content in the vapor is low, as in the
ambient-like, intermediate conditions 70% RH/AT = 15 °C
case, protrusion type topographies such as the pillar textures
with biphilic stripes are preferred. On the contrary on adverse
conditions (higher humidity ratio and AT) low biphilic surface
coverage is preferred and large spots (i.e. 1000 pm) are per-
forming better. These observations reinforce the trade-off:
increasing hydrophilic coverage can open drainage pathways
and trigger nucleation, but too much coverage reduces mobi-
lity and overall throughput. Spot diameter also plays an impor-
tant role, even at constant hydrophilic coverage (25%).
Reducing spot size from 1000 pm to 500 pm increases the
number of islands and doubles the hydrophilic-hydrophobic
boundary per unit area. However, the effect is regime- and
topography-dependent. At 90% RH and AT = 15 °C, larger
spots consistently outperform smaller ones. On trapezoids,

Table 2 Comparison of dew collection performance with state-of-the-art biphilic surfaces

Collection  Green WCR

Surface design mode (PFAS-free)  (gem™>h™) Ref.
PTFE nanoparticles on PIB rubber Dew No 0.072 31
Nanolaser hydrophilic patterns on aluminum Dew No 0.01 11
Biphilic nanoscale topography (hydrophilic nylon-CNT nanobumps) Dew No 0.095 37
Substrate: AlSi coating: liquid-like polymer Fog & dew  Yes 3.06 (fog) 48

0.055 (dew)
Square biphilic patterns (hydrophilic alumina spots on superhydrophobic HDFS)  Fog No. 2.05 39
Hydrophilic copper-epoxy spots Fog Yes 2.73 (strong wind) 10
TiO, wedges on candle soot/PDMS Fog Yes 0.89 8
Micro-topographies (pillars/trapezoids/honeycombs) on PDMS Fog Yes 4.39 This work
Micro-topographies (pillars/trapezoids/honeycombs) on PDMS Dew Yes 0.0417 This work
substrate with different biphilic patterns 0.0408

0.0717
This journal is © The Royal Society of Chemistry 2026 Nanoscale
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1000 pm spots yielded 0.0717 versus 0.0230 g cm > h™" for
500 pm and on pillars, 0.0650 versus 0.0300 g cm™> h™'. At
90% RH AT = 5 °C, the optimal size depended on the under-
lying micro topography: trapezoids still favored 1000 pm
(0.0408 vs. 0.0140 g cm™> h™"), while in pillars, 500 pm spots
performed slightly better (0.0347 vs. 0.0265 g cm > h™™).

The surfaces presented in this work stand out as a signifi-
cant advancement in atmospheric water harvesting by achiev-
ing a rare balance between high-performance metrics and
environmental sustainability. While established literature
often relies on specialized, non-green coatings—such as fluori-
nated HDFS (Gunarasan & Lee) or PFAS-based PIB rubber
(Gerasopoulos et al.)—to achieve high collection rates, our
designs utilize a PFAS-free, green chemistry approach without
sacrificing efficiency. In terms of quantitative impact, the
biphilic surfaces with stripes realized on pillars demonstrate a
remarkable 156% gain for dew collection compared to the
untreated PDMS, which is comparable with other examples in
the literature in fog collection modes, our superhydrophobic
pillar based surface reached a peak WCR of 4.39 g cm™> h™",
outperforming the high-wind results of copper-epoxy spots
(2.73 g em™ h™") and bio-inspired TiO, wedges (0.89 g cm >
h™"). In Table 2 the performance of the surfaces presented
here are compared to existing literature examples.

4. Conclusions

We established a scalable, PFAS-free fabrication route for
biphilic surfaces for passive atmospheric water harvesting, by
combining micro-textured topographies enabling the realiz-
ation of highly hydrophobic and superhydrophobic surfaces,
which are then patterned with stencils using PEG8000 to
create biphilic surfaces. In particular, three topographies—
pillars (5.5 um), square-based trapezoids (7 pm), and honey-
combs (15 pum) were paired with four biphilic geometries:
500 pm spots, 1000 pm spots, 1000:1000 pm stripes, and
1000:2000 pm stripes. All surfaces maintained extreme wett-
ability contrast, with different wettability properties up to
superhydrophobic with water contact angles above 150° and
hysteresis below 10°, and areas with hydrophilic and superhy-
drophilic properties. This enabled a systematic exploration of
how microstructure and biphilic pattern design modulate fog
and dew collection.

Dew collection revealed clear, regime-specific optima
shaped by the interplay of droplet mobility and nucleation
sites density. Under intermediate conditions, widely spaced
1000 : 2000 pm parallel stripes on pillar topography achieved a
156% improvement over flat PDMS. The parallel hydrophilic
stripes formed continuous drainage pathways, while the super-
hydrophobic areas sustained efficient droplet removal. Under
adverse condensation conditions, the highest performance
was achieved with 1000 pm hydrophilic spots, yielding a WCR
of 0.0717 g cm™> h™' (on trapezoids) and WCR 0.065 g cm™>
h™ (on pillars). This improvement is possible due to the
increased nucleation sites density on the hydrophilic spots
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and the low biphilic area coverage (25%), which is not promot-
ing early film formation or compromising the overall water
mobility of the surfaces. Finally, in terms of biphilic surface
area coverage, 35% coverage with parallel stripes maximized
drainage under intermediate conditions (RH 70%), while 25%
coverage with 1000 pm spots maximized nucleation on trape-
zoids and pillars under high RH (90%).

In fog collection, in which no phase change phenomenon
is taking place, wettability can improve droplet impact, capture
and collection. On inherently mobile textures such as pillars
and trapezoids, adding hydrophilic regions typically slightly
reduced performance. The introduction of hydrophilic areas
increased wetted fraction, encouraged film formation, and
introduced aerodynamic drag, collectively slowing droplet
shedding. In all topographies, all four biphilic patterns clus-
tered near or below the flat PDMS WCR. It is also evident, that
in fog collection low biphilic surface coverage is required
(<25%), since in all samples tested WCR performance was
inferior compared to superhydrophobic or flat hydrophobic
PDMS.
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