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Effective manipulation of liquid—vapor phase behavior is essential
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for advancing energy efficiency. This study presents a synthetic
strategy for creating multiscale anisotropic wettability gradi-
ents through the assembly of dandelion-inspired nanostructures,
achieving both horizontal (planar) and vertical biphilicity. This
versatile approach is applicable to various nanowire materials,
including silicon, zinc oxide, and copper oxide. Key findings
demonstrate that these surfaces can be tuned to transit from
jumping-droplet to dropwise and filmwise condensation while
maintaining a stable Cassie state for the condensate. This configu-
ration allows water droplets and films to float on the nanowire
substrate, with dry nanowires beneath the water acting as vapor
channels that promote droplet nucleation. Unlike traditional liquid
film condensation, the ultrathin water film, measuring less than
2 pm in thickness, floats on the nanostructured surface, signifi-
cantly reducing thermal resistance and enabling rapid condensate
removal. The complex biphilic surfaces with a micro—nano—nano
hierarchy effectively direct and organize water nucleation, facilitat-
ing controlled water flow and droplet departure from the surface.
These findings underscore the potential of this innovative design to
optimize liquid—vapor phase behaviors, offering transformative
implications for enhanced heat transfer and fluid management in

New concepts

This study introduces a novel approach for enhancing liquid-vapor phase
behavior through the development of multiscale anisotropic wettability
gradients in dandelion-inspired nanostructures. Unlike traditional biphi-
lic surfaces that primarily focus on planar wettability, our design achieves
both horizontal and vertical biphilicity, allowing for a dynamic transition
between jumping-droplet, dropwise, and filmwise condensation modes.
This multifunctionality is made possible by the unique architecture of the
nanostructures, which facilitates efficient water nucleation while main-
taining a stable Cassie state, significantly reducing thermal resistance
and promoting rapid condensate removal. The insights gained from this
work extend the understanding of how hierarchical micro-nano struc-
tures can be engineered to optimize fluid management in thermal
applications. Furthermore, our findings highlight the potential for tailor-
ing surface properties through precise control of nanostructure morphol-
ogy, paving the way for innovative applications in energy systems,
microfluidics, and environmental technologies. This breakthrough not
only enhances heat transfer efficiency but also provides a versatile
framework for future research in materials science, focusing on the
interplay between surface structure and liquid behavior.

1. Introduction

The liquid-vapor interface is a fundamental phenomenon

various applications. } 1 ) .
present in nature and plays a crucial role in various energy
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applications, particularly in thermal management.'™ One
effective strategy for manipulating liquid-vapor phase behavior
is by creating surfaces with heterogeneous wettability. This
approach leverages the interplay between the surface energy
of the substrate and the surface tension of the liquid, resulting
in regions that exhibit either strong affinity for the liquid
(hydrophilic) or repel it (hydrophobic). Such control allows
for precise management of liquid transportation and phase-
change processes. For instance, to enhance water condensation
heat transfer efficiency, surfaces have been engineered to
incorporate spatial hydrophilic domains within a superhydro-
phobic field, known as biphilic surfaces.? The hydrophilic
regions facilitate water nucleation and growth, while the super-
hydrophobic background promotes droplet departure through
coalescence-induced jumping. This innovative design has
achieved over an 84% improvement in heat transfer coefficients
compared to surfaces with uniform wettability.” Biphilic
surfaces have demonstrated superior performance in various
applications, including defrosting,® enhancing heat transfer
efficiency during boiling,” and improving the hydrogen evolu-
tion rate.®

However, existing biphilic surfaces primarily concentrate on
planar heterogeneous wettability or planar biphilicity. A notable
limitation in water condensation applications arises from the
hydrophilic regions, which facilitate nucleation but also lead
to a Wenzel wetting state for droplets on these domains. This
state results in increased adhesion forces that hinder droplet
departure, thereby restricting the effective size and density
of usable hydrophilic domains. A promising solution to this
challenge is the introduction of vertical anisotropic wettability
or vertical biphilicity. This design involves making the
upper section of the structure hydrophilic while keeping the
lower portion hydrophobic. Such a configuration promotes
rapid vapor nucleation on the hydrophilic tops while maintain-
ing a Cassie wetting state, which effectively reduces liquid
adhesion.”’

Vertical heterogeneous wettability (vertical biphilicity) also
stands as a pivotal surface engineering strategy, especially for
applications related to gas-liquid-solid involved reactions.
For instance, in CO, reduction processes, pristine hydrophilic
electrode surfaces experience complete wetting, leading to sur-
face flooding that prevents CO, from reaching the electrode,
which impedes reaction efficiency.'® Conversely, superhydro-
phobic surfaces facilitate interfacial gas transport but limit the
contact between the catalyst and the electrolyte for optimal
catalytic performance. To address these challenges, studies
have demonstrated that hydrophobic electrodes often outper-
form superhydrophobic and hydrophilic ones, primarily due to
the partial wetting of the electrolyte on the electrode struc-
tures."™"'? However, these works target the bulk electrocatalysts,
impacting the hydrophobicity of the whole catalyst layer and
lacking precise control of the wetting depth."*** Thus, it is pro-
mising to explore the development of electrodes with vertical
biphilicity, featuring two distinct regions within the catalyst
layer: a hydrophobic bottom layer adjacent to the substrate and
a hydrophilic upper layer near the liquid.

This journal is © The Royal Society of Chemistry 2025
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To achieve both horizontal and vertical biphilicity, this study
introduces a dandelion-inspired nanostructure that enables the
coexistence of superhydrophobicity and hydrophilicity along
both the surface plane (horizontal biphilicity) and perpendi-
cular to it (vertical biphilicity). The liquid-vapor phase behavior
of these surfaces was investigated through water condensation
experiments. When the surface area occupied by the dandelion-
inspired nanostructures is minimal, the surface retains its
superhydrophobicity, exhibiting jumping-droplet condensa-
tion. The vertical biphilicity of the structure allows droplets to
experience reduced adhesion forces, leading to coalescence-
induced jumping even at water contact angles below the critical
threshold of 150°. As the coverage of these nanostructures
increases, the surface transitions from hydrophobic to hydro-
philic, showcasing both dropwise and filmwise condensation.
The condensed water droplets and films adopt a Cassie state.
In this Cassie state, the underlying dry nanowires function as
vapor channels, providing sites for sustained water nucleation.

These condensates can be efficiently removed by the upper
water film at significantly smaller scales (<5 um) compared to
the droplet departure sizes observed during either jumping-
droplet or dropwise condensation processes. Furthermore, the
thickness of the water film (<2 pum) is considerably less than
that of the droplets formed during these condensation pro-
cesses, resulting in lower heat transfer resistance. The water
condensate can also be manipulated to create various patterns
by selectively growing the dandelion-inspired nanostructures
on the surface. This capability is enabled by a versatile fabrica-
tion strategy that allows the creation of these nanostructures
using materials such as silicon, copper oxide, and titania.

2. Results and discussion

2.1. Two-dimensional biphilicity of dandelion-inspired
surfaces

The dandelion-inspired two-dimensional (2D) biphilic surface
was obtained by growing a hydrophilic cluster of ZnO nanorods
on the tips of superhydrophobic silicon (Si) nanowires, follow-
ing the steps outlined in Fig. 1(A). The Si nanowires were first
fabricated using the Bosch deep reactive ion etching (DRIE)
method, which involved cyclic etching and passivation steps.
The resulting nanowires had a diameter of 240 £+ 120 nm, a
height of 6.7 + 0.4 pm, and a pitch of 910 + 170 nm (Fig. S1,
ESIt). These nanowires were modified to achieve superhydro-
phobicity using 1H,1H,2H,2H-perfluorodecyltriethoxysilane,
resulting in water contact angles of 164 + 2° and sliding angles
<1° with the droplet volume of 7 £ 0.2 pL. The superhydro-
phobic Si nanowires were seeded with zinc acetate dispersed in
ethanol. The seed suspension was spin-coated onto the sub-
strate and then heated to 200 °C for 5 minutes. This process
was repeated multiple times to increase the quantity of depos-
ited seed particles. The seeded Si nanowire surface retained its
superhydrophobicity and was subsequently treated with an
aqueous precursor solution containing zinc nitrate and hexam-
ethylenetetramine to grow ZnO nanorod clusters, as shown in
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Fig. 1 Synthesis and biphilicity of the dandelion-inspired nanostructures. (A) Schematic representation of the synthesis procedure for growing
dandelion-inspired nanostructures and (B) its corresponding images from environmental scanning electron microscopy (ESEM). (C) Schematic illustration
of horizontal (planar) and vertical biphilicity of the nanostructures. (D) and (E) ESEM images providing visual confirmation of the biphilic characteristics of
the surface: (D) horizontal biphilicity as observed from a top-down view, and (E) vertical biphilicity as observed from a side view, both during water
condensation at a pure water vapor pressure of 700 Pa and a cooling stage temperature of 2.4 &+ 0.2 °C.

Fig. 1(B). The scanning electron microscope (SEM) image shows
that due to the limited wetting of the precursor solution, the
hydrophilic ZnO nanorods grew exclusively on the tips of the
seeded superhydrophobic Si nanowires. X-ray diffraction (XRD)
and micro-Raman analyses confirmed that the nanowires were
silicon and the dandelion-like clusters were wurtzite ZnO
crystals, respectively (Fig. S2 and S3, ESIT). Detailed fabrication
procedures are provided in the Materials and methods.

The water condensation on the biphilic nanostructures is
illustrated in Fig. 1(C), which was conducted in an environ-
mental scanning electron microscope (ESEM). The pure water
vapor pressure in the ESEM chamber was maintained at 700 Pa.
The cooling stage temperature was reduced to 2.4 £+ 0.2 °C to
initiate vapor condensation and droplet nucleation (for experi-
mental details, see Materials and methods and Fig. S4, ESI¥).
These processes are recorded in Video S1 (ESIf) (top planar
view) and Video S2 (ESIY) (cross-section tilted view). Fig. 1(D)
and (E) present time-lapse ESEM images showing that water
preferentially nucleates on the ZnO nanorod clusters on the tip
of the superhydrophobic nanowires. As the water collects, it
completely engulfs the clusters, forming spherical water dro-
plets suspended away from the superhydrophobic surface (as

7014 | Mater. Horiz., 2025,12, 7012-7023

highlighted by the yellow arrows in Fig. 1(D) and (E)).
It demonstrates a multiscale anisotropic wetting with both
planar (Fig. 1(D)) and vertical biphilicity (Fig. 1(E)).

The synthesis strategy presented here is versatile and can be
applied to a variety of materials beyond silicon (Si) nanowires,
including copper oxide (CuO) and titanium dioxide (TiO,)
nanowires, as illustrated in Fig. 2(A)-(C). These nanowires were
synthesized as described in Materials and methods, and sub-
sequently rendered superhydrophobic through treatment with
1H,1H,2H,2H-perfluorodecyltriethoxysilane. This was followed
by the seeding and growth of ZnO nanorod clusters, as con-
firmed by scanning electron microscopy (SEM, Fig. 2(A)-(C)-(i)).
The SEM results demonstrate the successful formation of
dandelion-like microstructures on tips of Si, CuO, and TiO,
nanowires. Elemental analysis via energy dispersive X-ray spec-
troscopy (EDXS) confirmed that the branches are composed of
ZnO, while the nanowires are respectively Si, CuO, and TiO,, as
evidenced by the elemental maps (Fig. 2(A)-(C)-(ii)) and (Fig. S5,
ESIt) and spectra (Fig. S6, ESIt).

The geometric configuration of the nanowires, such as
spacing, alignment, and pitch, can significantly influence the
formation and morphology of the ZnO nanorod clusters (Fig. 2).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Synthesis of the biphilic dandelion-inspired nanostructures on (A) Si, (B) CuO, and (C) TiO, nanowires. (i) SEM images, (ii) energy-dispersive X-ray
spectroscopy (EDXS) elemental mapping of zinc (magenta), silicon (red), copper (yellow), and titanium (blue) elements, and (iii) schematic representations

of the ZnO nanorod clusters on the various nanowires.

For the vertically aligned Si nanowires, when the length of the
ZnO nanorods (1.4 &+ 0.10 um) is comparable to the distances
between nanowires (0.91 £+ 0.17 um), a spherical ZnO nanorod
cluster is formed (Fig. 2(A)). In contrast, the randomly tilted
CuO nanowires exhibit greater variability in inter-nanowire
distances, averaging 0.99 + 0.44 pm, with some gaps reaching
as large as 2.1 um. These larger gaps facilitate the infiltration of
synthesis solutions, resulting in the formation of spherical ZnO
nanorod clusters. Conversely, the smaller gaps hinder the
precursor penetration, leading to hemispherical ZnO nanorod
clusters, as shown in Fig. 2(B).

For TiO, nanowires, a hemispherical morphology of the ZnO
nanorod clusters is observed because the nanorod length
(1.7 pm + 0.28 pm) significantly exceeds the gap distance
(0.34 £+ 0.13 pm) (Fig. 2(C)). Importantly, the resulting biphilic
nanostructures derived from CuO and TiO, nanowires also
exhibited the desired horizontal (planar) and vertical biphilic
properties, demonstrating selective water nucleation and
droplet formation on the hydrophilic ZnO nanorod clusters
(Fig. S7, ESIY).

The horizontal biphilicity changes with the number and size
of the hydrophilic ZnO nanorod clusters by adjusting the
seeding parameters (Fig. 3(A)), including seed concentration
and the number of seeding cycles, as well as the hydrothermal
synthesis time (Fig. 3(B)). Higher concentrations of seed solu-
tions and an increased number of seeding cycles resulted in a
greater density of ZnO nanorod clusters per unit area (p),

This journal is © The Royal Society of Chemistry 2025

as demonstrated in Fig. 3(C).">'® For the surface to exhibit
biphilic properties, it is essential to maintain anisotropic wet-
ting characteristics, with hydrophilic nanorod clusters localized
exclusively at the tips of the superhydrophobic Si nanowires,
as depicted in the inset of Fig. 3(A)-(viii). However, excessive
seeding can lead to complete coverage of the superhydrophobic
nanowires with hydrophilic ZnO seeds. This coverage can
render the surface predominantly hydrophilic, allowing the
synthesis solution to penetrate deeply into the nanowire layer.
As a result, ZnO nanorods may grow along the entire length of
the nanowires, as illustrated in the inset of Fig. 3(C)-(ix). This
growth transforms the entire outer surface of the nanowires
into a hydrophilic state, resulting in isotropic wetting proper-
ties. This observation highlights the delicate balance required
in the seeding process to achieve the desired anisotropic
wettability while preserving the superhydrophobic characteris-
tics of the surface.

It is important to note that, for surfaces subjected to the
same hydrothermal growth time (as shown in Fig. 3(A)), an
increase in cluster density (p) is associated with a decrease in
branch length (L), as indicated by the blue dots in Fig. 3(D).
This inverse relationship can be understood through the prin-
ciples of competitive growth: as more nucleation sites are
created with more seeds, the available resources for individual
nanorod growth become limited, resulting in shorter branch
lengths. Conversely, extending the synthesis time allows for the
growth of longer ZnO nanorods, as observed in Fig. 3(B) and

Mater. Horiz., 2025,12, 7012-7023 | 7015
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Influence of synthesis parameters on surface morphology and wettability of the biphilic dandelion-inspired nanostructures. SEM images and

water contact angle measurements (inset) of (A) surfaces prepared with varying seeding conditions while maintaining a 4 h hydrothermal synthesis time
and (B) surfaces with different hydrothermal growth time, with the surface seeded five times from 10 mM seed solutions. Plots of (C) the dandelion-like
cluster density (p) from 2.5 mM (yellow), 5 mM (magenta), and 10 mM (blue) seed solutions for 5 (O), 10 (A), and 15 (O) times of seeding; (D) the
correlation between ZnO nanorod length (L), water contact angle, and p; (E) the variation of nanorod length L with hydrothermal growth time.

plotted in Fig. 3(E), by providing more time for the nanorods
to grow. Thus, the surface coverage («) of hydrophilic ZnO
nanorod clusters is calculated from eqn (1), assuming the
clusters are non-overlapping and circular with a radius equal
to the length of the ZnO nanorods (L), as indicated by the yellow
arrow in Fig. 3(B).

o =nL’p (1)

These values are plotted against p in Fig. S8 (ESIf).

The wettability of these surfaces was characterized using
the sessile droplet method, with a water droplet volume of 7 £
0.2 pL, as shown in the insets of Fig. 3(A). At low p, indicating a
small coverage ratio of the hydrophilic ZnO nanorod clusters,
the surfaces remained predominantly superhydrophobic. As p
increased, the surface gradually transitioned toward hydrophi-
licity, as illustrated by the pink dots in Fig. 3(D). The surface
with nearly complete cluster coverage (o = 0.96, Fig. 3(A)-(viii))
achieved the lowest water contact angle of 25 + 5°. Super-
hydrophilicity, characterized by a contact angle of 0°, was
observed when ZnO branches grew across the entire surface

7016 | Mater. Horiz., 2025, 12, 7012-7023

of the nanowires (Fig. 3(A)-(ix)). The transition from super-
hydrophobic to superhydrophilic highlights the potential of
this technique for tailoring surface wettability.

2.2. Water condensation on the 2D biphilic surfaces

The 2D biphilic surfaces with varying densities (p) and lengths
(L) of ZnO nanorod clusters were synthesized to investigate
their water condensation behavior using environmental scan-
ning electron microscopy (ESEM)."” ' Fig. 4(A)-(C) illustrate
three distinct condensation processes observed on these sur-
faces: jumping-droplet condensation, dropwise condensation,
and filmwise condensation.

The surfaces characterized by a low coverage of the hydro-
philic clusters (¢ < 0.15), as shown in Fig. S9A (ESIt), were
superhydrophobic with water contact angles of 161 + 2° and
contact angle hysteresis of 2 & 1°. On these surfaces, condensed
droplets demonstrated spontaneous jumping following droplet
coalescence (Fig. 4(A)). Jumping-droplet condensation occurs
due to the excess surface free energy associated with droplet
coalescence on the hydrophobic surface.?” The surface exhibits

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Water condensation on 2D biphilic surfaces. Time-lapse ESEM images and schematic illustrations of water condensation on surfaces with (A) o =
0.09 and jumping droplet condensation, where condensed droplets merge and subsequently jump off the surface. Water droplets with 0 less than the
threshold 150°, highlighted in yellow in the ESEM image at O s, also exhibit jumping behavior after merging; (B) « = 0.36 and dropwise condensation under
Cassie wetting state; (C) o = 0.97 and filmwise condensation under Cassie wetting state, revealing (D) (i) the Cassie state of the thin condensed water film
(thickness <2 pum) and (i) cyclic water nucleation occurring beneath the liquid film. (E) A summary of water condensation behaviors with « values of
<0.15 (yellow), 0.4 (magenta), and 1.0 (blue). ESEM observations were conducted under pure water vapor conditions at a vapor pressure of 700 Pa and a

cooling stage temperature of 2.4 4+ 0.1 °C.

a higher water nucleation density and jumping frequency than
uniform superhydrophobic surfaces, as shown in Fig. S10
(ESIT). This enhancement can be attributed to the hydrophilic
regions, which lower the energy barrier for water nucleation,
while the surrounding superhydrophobic areas maintain suffi-
cient water repellency to facilitate droplet jumping.>® Notably,
droplets with contact angles (0) lower than 150° also exhibited
self-departure through coalescence-induced jumping, high-
lighted in yellow in Fig. 4(A). This observation is significant
as the minimum contact angle for droplet jumping is typi-
cally around 150°.>* This unique feature is due to the vertical

This journal is © The Royal Society of Chemistry 2025

biphilic characteristics, allowing the condensate on the hydro-
philic clusters to adopt a Cassie-like state. This substantially
reduces the work of adhesion compared to condensate in the
partial-Wenzel state on the superhydrophobic area’ (Fig. S11,
ESIT) or condensate in the Wenzel state on the hydrophilic or
hydrophobic sites of conventional biphilic surfaces.* Therefore,
water droplets on the 2D biphilic surfaces require less excess
surface free energy to initiate self-propelled jumping, resulting
in smaller critical water contact angles for droplet departure.
When the surface coverage reached 0.15 < o < 0.4 (Fig. S9B,
ESIt with water contact angles of 106 + 4° and contact angle

Mater. Horiz., 2025,12, 7012-7023 | 7017
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hysteresis of 73 £+ 6°), the condensed water droplets experi-
enced stronger pinning forces, leading to their retention on the
surface after merging. This behavior is characteristic of drop-
wise condensation, as illustrated in Fig. 4(B). ESEM images
from the side view revealed that these droplets, despite having
water contact angles below 90°, rested upon the nanowires with
air pockets confined between them, exhibiting the Cassie mode
of wetting. In the Cassie state, the liquid droplets sit on top of
the surface texture, which includes both solid and air, effec-
tively reducing the contact area between the liquid and the
solid substrate. This unique wetting configuration minimizes
adhesive forces between the droplet and the surface, facilitating
droplet mobility and enhancing overall condensation effi-
ciency. Maintaining the Cassie state under these conditions is
vital for enhancing heat transfer, as it not only promotes rapid
droplet departure but also aids in the nucleation of new
droplets. The air pockets beneath the droplets decrease the
effective contact area, lowering the energy barrier for detach-
ment and allowing the droplets to more easily overcome pin-
ning forces. Increasing the cluster coverage to « = 0.97 (Fig. S9C,
ESIY) led to the formation of a continuous water film, indicating
filmwise condensation (Fig. 4(C)). In contrast to conventional
filmwise condensation, where the water film completely wets the
nanostructures in a Wenzel state (Fig. S12, ESIT), the water film on
the 2D biphilic surface floated on the nanowires, exhibiting the
Cassie state (Fig. 4(D)-(i)).

To assess the potential for enhancing condensation heat
transfer, the water condensation efficiency of the three 2D
biphilic surfaces (Fig. 4(A)-(C)) exhibiting jumping-droplet
condensation, dropwise condensation, and Cassie state film-
wise condensation (referred to as Filmwise (Cassie)) was char-
acterized by a custom-built setup (see Fig. S13 for experimental
details, ESIt). The filmwise condensation with Wenzel state
(Filmwise (Wenzel)) was also evaluated on the superhydrophilic
silicon nanowire surface (Fig. S12, ESIt). As shown in Fig. S14
(ESIT), jumping-droplet condensation showed the highest effi-
ciency due to the rapid droplet removal, followed by dropwise
condensation and Filmwise (Wenzel), consistent with previous
studies.>"® However, by introducing vertical biphilicity, we
observed that Filmwise (Cassie) achieved a condensation flux
comparable to dropwise condensation and 16% higher than
Filmwise (Wenzel). We attribute this phenomenon to the
architecture of a thin (~2 pum) liquid film floating on super-
hydrophobic nanowires. The bottom dry nanowire substrate
serves as a gas channel for water vapor diffusion and nucleation
(Fig. 4(D)-(ii) and Video S3, ESIt), which is advantageous for
improving condensation heat transfer efficiency according to
our theoretical analysis presented in Fig. S15 (ESIt). The top
water film allows for the effective collection and drainage of
water condensates at much smaller scales (diameters <5 pm)
compared to the average droplet departure size (diameters
>20 pm) during jumping-droplet condensation.*?**%3:2¢
Furthermore, the thickness of the water film on the 2D biphilic
surface can be reduced to less than 2 um (Fig. 4(D)-(i)), signi-
ficantly thinner than the droplet diameters observed in dropwise
and jumping-droplet condensations (tens of micrometers> %),
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resulting in less thermal resistance. The thickness of the water
film can be adjusted by varying the hydrophilic branch length,
with longer branches producing a thicker liquid film (Fig. S16,
ESIt). The height of the gas channel is also tunable by changing
the height of the superhydrophobic nanowires. Future exploration
could be done to investigate the structural parameter effects on
condensation heat transfer efficiency of the 2D biphilic surfaces
and to evaluate the stability of the Cassie state under extreme
condensation conditions.

The dandelion-like morphology demonstrates resilience
during water condensation, showing no significant reduction
in the area covered by ZnO after 7 days of continuous operation.
However, a slight decrease in ZnO branches was observed in
incompletely formed dandelion clusters under jumping-droplet
condensation (Fig. S17, ESIt). Furthermore, hydrophilic nano-
materials can become hydrophobic due to the adsorption of
ambient volatile organic compounds (VOCs).>* Under UV irra-
diation, ZnO effectively photodegrades these compounds,
allowing for the regeneration of hydrophilic branches after
contamination.*® Additionally, the inherent antimicrobial pro-
perties of ZnO contribute to its functional longevity.*® Together,
these features ensure the long-term stability of the 2D biphilic
surfaces during water condensation.

Fig. 3(E) provides a comprehensive overview of the conden-
sation modes on the surfaces with varying surface coverage (o)
of dandelion nanorod clusters. More clusters and longer nanor-
ods see the transition from jumping-droplet condensation to
dropwise condensation and, ultimately, to filmwise condensa-
tion. When o is less than 0.15 (the region to the left of the
yellow dashed line in Fig. 4(E)), the surfaces exhibit jumping-
droplet condensation. In the range of 0.15 < o < 0.4 (between
the magenta and yellow dashed lines), dropwise condensation
is observed. Further increases in o lead to filmwise condensa-
tion, with the blue dashed line (« = 1.0) indicating that the
surface is completely covered by the hydrophilic dandelion
clusters and exhibits superhydrophilicity.

2.3. Complex micropatterning of dandelion-inspired
nanostructures

Regarding horizontal biphilicity, the hydrophilic domains dis-
played a random distribution on flat nanowire substrates
(Fig. 1). To overcome this limitation, we developed strategies
to achieve spatial control over the location of hydrophilic sites,
as illustrated in Fig. 5(A). The process begins with the fabrica-
tion of microstructures on a substrate, followed by the growth
of nanowires on the micropatterned surface. This is demon-
strated for a laser-etched copper surface shown in Fig. 5(B),
which features regularly spaced conical structures with a pitch
of 15 + 1 um and a height of 6 £ 1 pm, arranged in a square
grid pattern (Fig. S18, ESIt). The entire surface is then covered
with superhydrophobic CuO nanowires (see Materials and
methods). Selective seeding and growth guide the formation
of hydrophilic dandelion-like ZnO nanorod clusters, specifi-
cally at the apex of the conical structures, as illustrated in
Fig. 5(C), which includes an overlay of the EDXS Zn elemental
map. Notably, the growth of these hydrophilic clusters is

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Micropatterning of the biphilic nanostructures. (A) Schematic illustration of the fabrication procedure. (B) (i) SEM images of a micropatterned
copper surface featuring a micro—nano hierarchical structure with CuO nanowires on conical microstructures (yellow dashed line in inset), and (i) the
corresponding water condensation behavior observed under ESEM. (C) (i) SEM images of the patterned surface showing selective growth of hydrophilic
dandelion clusters, forming a micro—nano—nano hierarchy at the apex of the conical structures, and (ii) ESEM observation of water condensation on it.
(D) (i) SEM image of a patterned multiscale anisotropic wettability gradient surface shaped like the HKUST logo, including insets of a magnified SEM image
and the corresponding EDXS map of the Zn element, and (ii) ESEM image illustrating water condensation behavior. Note: ESEM water condensation

experiments were conducted at an environmental pure water vapor pressure of 700 Pa and a cooling stage temperature of 1.2 + 0.1 °C.

confined to the tips of the cones because the superhydrophobic
CuO nanowires create a barrier that suspends the growth
solution above the surface, preventing it from penetrating
and allowing growth on the rest of the cones.

Water condensation study in ESEM demonstrates that water
nucleation is highly localized and organized on the micropat-
terned multiscale anisotropic wettability gradient surfaces. As
shown in Fig. 5(C)-(ii), nucleation primarily occurs on the
hydrophilic dandelion clusters at the apex of the conical
structures, resulting in a distinct and orderly pattern of water
condensate. In contrast, on uniform superhydrophobic micro/
nano surfaces, water nucleation appears random, as depicted
in Fig. 5(B)-(ii). This localized nucleation behavior on the
micropatterned surfaces can be attributed to the unique combi-
nation of hydrophilic and hydrophobic regions, which pro-
motes efficient condensation by facilitating droplet formation
at specific sites. The ability to control the nucleation patterns

This journal is © The Royal Society of Chemistry 2025

on surfaces represents a promising approach for effective fluid
management and energy efficiency.

To explore the potential for creating intricate condensate
patterns, the concept was extended to fabricate a 2D biphilic
surface in the shape of linear arrays (Fig. S19, ESIf) and the
HKUST logo (Fig. 5(D)-(i)). For the HKUST pattern, the fabrica-
tion began with laser ablation, which patterned the logo onto a
copper plate by carving out the surrounding material to a depth
of 10 um (see Fig. S20, ESIt). Subsequently, CuO nanowires
were grown on this microstructure, and the surface was treated
to achieve a superhydrophobic state. The treated surface was
then seeded and exposed to a zinc aqueous precursor solution
for the hydrothermal growth of ZnO nanorod clusters. The
EDXS Zn elemental map (inset in Fig. 5(D)-(i)) confirmed that
the dandelion clusters predominantly formed on the letters of
the logo, with sparse clusters also observed in the lower
sections of the pattern. Water condensation behavior on this

Mater. Horiz., 2025,12, 7012-7023 | 7019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh00408j

Open Access Article. Published on 14 June 2025. Downloaded on 5/24/2026 9:28:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Horizons

surface demonstrated a clear preference for nucleation on the
tops of the ‘HKUST logo, as shown in Fig. 5(D)-(ii). These
findings underscore the ability to achieve complex biphilic
surfaces through the controlled assembly of nanostructures.

3. Conclusions

This study successfully demonstrates the fabrication and func-
tionality of multiscale anisotropic wettability gradient surfaces
inspired by dandelion-like nanostructures. By achieving both
horizontal and vertical biphilicity, we have shown that these
surfaces can effectively manipulate liquid-vapor phase beha-
vior, transitioning seamlessly between jumping-droplet, drop-
wise, and filmwise condensation modes. The maintenance of a
stable Cassie state allows for the efficient management of
condensate behavior, with water droplets and films floating
on the nanowire substrate, facilitated by underlying dry nano-
wires that act as vapor channels.

The densities and nanorod lengths of hydrophilic dandelion-
like ZnO nanorod clusters can be finely tuned by varying the
seeding conditions and hydrothermal treatment time to obtain
different surface coverages, a. When a is low (<0.15), the
surface exhibits efficient jumping-droplet condensation, with
condensates demonstrating coalescence-induced jumping even
at water contact angles below 150°. As a increases (0.15 < a <
0.4), the condensation behavior transitions from jumping-
droplet to dropwise and ultimately to filmwise condensation
as a approaches 1.0. The ultrathin water film, measuring less
than 2 pm in thickness, significantly reduces thermal resis-
tance, enabling rapid condensate removal and enhancing over-
all heat transfer efficiency. The ability of these complex surfaces
to direct and organize water nucleation represents a significant
advancement in the field, providing a powerful tool for opti-
mizing fluid management and thermal processes.

Moreover, the versatility of this synthetic strategy, which is
applicable to various nanowire materials such as silicon, zinc
oxide, and copper oxide, opens new avenues for research and
development in microfluidics,>* thermal management,****
and energy systems.***” Additionally, other forms and materi-
als can be utilized to construct diverse biphilic structures,
further enhancing system performance. Future work will focus
on exploring additional applications of these biphilic surfaces,
including their potential in energy harvesting,*® catalysis,*®™*
and environmental technologies.*>** Overall, the findings of
this study provide valuable insights into the design of advanced
surfaces that enhance liquid-vapor interactions, paving the way
for innovative solutions across a range of scientific and engi-
neering disciplines.

4. Materials and methods
4.1. Synthesis of Si nanowires

Si nanowires were fabricated on p-type Si(100) wafers (Micro-
Chemicals GmbH, Germany) using a modified Bosch deep
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reactive ion etching (DRIE) method.”® This process involved
alternating cycles of anisotropic etching with SFs (99.99%,
Linde) and O, (99.999%, Linde), and passivation using C,Fg
(99.995%, Linde). The fabrication was conducted in an induc-
tively coupled plasma DRIE system (Surface Technology
Systems, UK) under 27 + 2 mTorr vacuum and 20 °C. A single
processing cycle started with an 8.5-second passivation step,
during which the plasma was generated with a coil power of
700 W, a platen power of 0 W, and a C,Fg gas flow rate of
180 sccm. This was followed by a 7-second etching, wherein the
coil power remained at 700 W, while the platen power was set to
16 W, with SF, and oxygen (O,) gas flow rates of 130 sccm and
13 sccm, respectively. After 80 consecutive processing cycles,
uniform Si nanowires were successfully obtained on the 525 pm
Si wafers, which were used as received without additional
pretreatment prior to the DRIE process.

4.2. Synthesis of TiO, nanowires

Titanium plates (>99%, Baotai Co. Ltd, China) were cut into
3 x 4 cm” pieces and cleaned through a 10-min ultrasonication
in acetone (>99.8%, Sigma-Aldrich). Residual liquid was
removed by blowing dry N,. The plates were then placed on a
ceramic holder and calcined at 700 °C for 6 h, with a heating
rate of 3 °C min~" using a muffle furnace (Carbolite CWF 11/13,
UK). TiO, nanowires were synthesized via a hydrothermal
method. A 60 mL solution of 6 M hydrochloric acid was
prepared by diluting concentrated HCI (37%, VWR) with deio-
nized distilled water in a 1:1 volume ratio. This acid was mixed
with 0.9 mL of titanium isopropoxide (97%, Sigma-Aldrich) and
stirred for 30 minutes. The resulting mixture was then trans-
ferred to a 125 mL Teflon-lined stainless-steel autoclave, where
the previously calcined titanium plate was immersed, ensuring
the preferred side for nanowire growth faced down to prevent
TiO, particle precipitation. The autoclave was heated to 150 °C
for 24 h using an electric oven (Memmert UN55, Germany).
After cooling, the sample was removed, washed with deionized
water, and blow-dried. Finally, the titanium nanowire sample
was annealed at 450 °C for 2 h with a heating rate of 3 °C min™"
using the muffle furnace, resulting in uniform TiO, nanowires
on the titanium plates (see Fig. S1, ESIT and Fig. 4(C)).

4.3. Synthesis of CuO nanowires

Copper plates (>99.99%, Xinhe Co. Ltd, China) were cleaned
by ultrasonication in acetone (>99.8%, Sigma-Aldrich) for 10
minutes, followed by rinsing in absolute ethanol (99.97%,
VWR) and deionized distilled water. After blow-drying with
N,, two separate solutions were prepared: 30 mL of 0.2 M
ammonium persulfate (>98%, Sigma-Aldrich) and 30 mL of
5.0 M sodium hydroxide (>98%, Sigma-Aldrich), both cooled to
10 °C. The solutions were mixed by stirring for 5 minutes while
maintaining the temperature. The cleaned copper plates were
immersed in this mixture for 10 minutes, then thoroughly
washed with deionized water and heated at 180 °C for 3 h in
an electric oven (Memmert UN55, Germany), resulting in uni-
form CuO nanowires on the copper substrates.

This journal is © The Royal Society of Chemistry 2025
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4.4. Synthesis of superhydrophobic nanowire surfaces

Superhydrophobic nanowire surfaces were obtained by treating
hydrophilic nanowires with low surface energy materials,
specifically 1H,1H,2H,2H-perfluorodecyltriethoxysilane (97%,
Sigma-Aldrich). A solution was prepared by mixing 200 pL of
this silane with 50 mL of hexane (anhydrous 95%, Sigma-
Aldrich) while stirring at 200 rpm for 2 minutes. The nanowire
samples were fully immersed in this solution for 1 h, then
removed and washed three times with 200 mL of hexane. The
samples were subsequently heated to 140 °C for 1 h, resulting
in superhydrophobic surfaces with water contact angles exceed-
ing 155°.

4.5. Synthesis of the biphilic dandelion-inspired
nanostructures

To create the 2D biphilic surfaces, hydrophilic ZnO nanorods
were grown in ZnO-seeded superhydrophobic nanowires using
an aqueous precursor solution. Zinc acetate dihydrate (reagent
grade, Sigma-Aldrich) was dissolved in absolute ethanol
(99.97%, VWR) at concentrations ranging from 2.5 to 10 mM
to deposit seeds on the superhydrophobic nanowires. A spin
coater (IMECAS KW-4T, China) was employed to ensure uni-
form coverage of the seed solution, dispensing 0.3 mL onto the
nanowire surface (1 x 2 cm?®) at a speed of 1000 rpm for 20 s.
The sample was then heated in a 200 °C oven for 5 minutes to
yield ZnO seeds. Seeding was repeated 5, 10, and 15 times for
different samples to study its effect on the dandelion morpho-
logy. A precursor solution was prepared by mixing 30 mL of
20 mM zinc nitrate hexahydrate (98%, Sigma-Aldrich) with
30 mL of 20 mM hexamethylenetetramine (>99.0%, Sigma-
Aldrich) and stirring for 15 minutes in a 125 mL Teflon-lined
stainless-steel autoclave. The seeded samples were immersed in
the precursor solution with the preferred side for ZnO growth
facing down, and the autoclave was heated at 95 °C for 1-8 h.
After cooling to room temperature, the samples were washed
four times with 100 mL of deionized distilled water and dried at
60 °C for 24 h, yielding dandelion-like nanorod clusters on the
nanowire surfaces.

4.6. Fabrication of micro/nanostructures on Cu plates

Microstructures on the Cu substrate were created using a
femtosecond laser (Amplitude, France) with a spot diameter
of approximately 10 pm, a repetition rate of 200 kHz, and a
power of 3 W. The scanning process was repeated 55 times at a
velocity of 2000 mm s~ *. The resulting microstructured copper
substrate was cleaned by ultrasonication in acetone (>99.8%,
Sigma-Aldrich) for 10 minutes, followed by rinsing with abso-
lute ethanol (99.97%, VWR) and blow-drying with N,. Two
separate solutions were prepared: 30 mL of 0.2 M ammonium
persulfate (>98%, Sigma-Aldrich) and 30 mL of 5.0 M sodium
hydroxide (>98%, Sigma-Aldrich), both cooled to 10 °C. These
solutions were mixed by stirring for 5 minutes at the same
temperature. The cleaned microstructured copper plate was
immersed in this mixture for 10 minutes, thoroughly washed
with deionized water, and heated at 180 °C for 3 h in an electric

This journal is © The Royal Society of Chemistry 2025
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oven (Memmert UN55, Germany), resulting in a uniform micro/
nanostructured copper plate. This fabricated plate was then
treated with low surface energy materials, specifically
1H,1H,2H,2H-perfluorodecyltriethoxysilane (97%, Sigma-Aldrich),
in a manner similar to the nanowire surfaces, achieving super-
hydrophobic characteristics after immersion in a solution of
200 pL of silane mixed with 50 mL of hexane for 1 h, followed
by washing and heat treatment at 140 °C for 1 h.

4.7. Water condensation study using environmental scanning
electron microscopy (ESEM)

The nucleation and growth of water on the synthesized surfaces
were investigated using environmental scanning electron
microscopy (ESEM, FEI Quanta 250 FEG, USA). Samples were
mounted on a copper holder using silver conductive paint (SPI
supplies, USA) and placed on a Peltier cooling stage. The
electron beam voltage was set to 8 keV, with a working distance
of 6 cm. The ESEM chamber was evacuated to remove non-
condensable gases before introducing pure water vapor, main-
taining a vapor pressure of 700 Pa during observations. The
sample surface was gradually cooled at a rate of 5 °C min™" to
induce water condensation, with a tilting angle of 75° for side
view observations.

4.8. Instrumentation

Surface morphology and chemical composition were analyzed
using a scanning electron microscope (JEOL JSM-7100F, Japan)
equipped with energy-dispersive X-ray spectroscopy (Inca
X-max 50, Japan) for elemental analysis. To assess surface
wettability, a contact angle goniometer (Biolin Theta, Germany)
was utilized. The crystalline structures of the materials were
characterized using both a small/wide angle scattering diffract-
ometer (3.0 UHR Xeuss, France) and micro-Raman spectro-
scopy (InVia Renishaw, UK). Additionally, surface topography
was examined using the tapping mode of an atomic force
microscope (Bruker Dimension ICON).
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