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with marine biofouling include increased 
fuel consumption from drag,[2] safety con-
cerns from corrosion,[3] and attenuation of 
sensor signals.[4] Challenges specific to the 
marine environment include development 
of robust fouling solutions for a diverse 
range of biological species and local ocean 
conditions, toxicity associated with com-
mercial anti-fouling paints, and manufac-
turing challenges associated with coating a 
range of materials and non-planar geom-
etries. For example, to prevent fouling 
on windows and other viewing surfaces, 
it is critical to maintain optical transpar-
ency. This prevents the potential use of 
common anti-fouling paints.[5]

To overcome these challenges, surface 
micro/nanostructures have attracted sig-
nificant recent attention. This is in part 
because numerous marine species (e.g., 
shark skin,[6] crab eyes,[7] seashell[8]) have 
evolved to adopt surface micro/nano-
structures to prevent marine fouling.[9] 
Inspired by these marine species, a range 
of structures with characteristic length-

scales typically ranging from micrometers to millimeters have 
been designed and fabricated to reduce marine fouling.[10] Such 
surfaces have been tested within both single-species (e.g., Ulva 
spores, marine diatoms, barnacle larva)[10b,d] and multi-species 
(e.g., field tests in the ocean)[10a] environments. However, most 
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1. Introduction

Marine biofouling is a sticky global problem due to the vast 
diversity of fouling organisms and adhesion mechanisms that 
hinder a range of maritime applications.[1] Issues associated 
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of the surface microstructures studied to date have focused 
on reducing fouling of a single species; in contrast, surface 
structuring has often demonstrated minimal reduction, or 
even an increase in fouling when exposed to a multi-species 
environment.[10a,b]

Additionally, nanoscale surface structures (ranging from 
<100  nm to hundreds of nanometers) have been explored for 
their antibacterial properties in biomedical applications.[11] 
However, nanoscale surface architectures with tunable geo-
metric control have not yet been systematical studied in marine 
fouling environments. It has been widely reported that marine 
biofouling follows a linear “successional” model[1,12] in which 
smaller species (cyanobacteria, etc.) settle and grow first, fol-
lowed by spores of macroalgae (diatoms, etc.) within the first 
week, and finally within several weeks, by larvae of invertebrates 
(barnacles, etc.). Accordingly, we hypothesize that nanoscale 
structures can be used to impact the initial settlement and 
growth of marine cyanobacteria, and further prevent or delay 
subsequent fouling based on the “successional” model.[1,12] In 
general, systematic studies of marine biofouling on surface 
architectures with characteristic length-scales that span a range 
from below 100 nm to above 10 µm could lead to new mecha-
nistic insight into the development of anti-marine-fouling coat-
ings, but are lacking.

One of the major challenges associated with systematically 
studying marine fouling on surface textures at these extremely 
small length-scales is the availability of scalable nano-fabrication 
processes that enable systematic tuning of feature geometries 
on a variety of non-planar substrates. Most current fabrication 
methods to create controlled nanoscale architectures depend 
on different patterning processes (e.g., lithography), which 
are restricted in their substrate compatibility, scalability, and 
cost.[11a,13] In addition, it is challenging to apply lithography tech-
niques to fabricate nanostructures on complex geometries, such 
as curved surfaces and fabrics. Alternative patterning and depo-
sition methods (e.g., self-assembly) can provide precise control 
over periodic geometries.[14] However, the ability to decouple 
independent geometric parameters in 3D (width, spacing, aspect 
ratio), which maintain conformal coverage over large areas and on 
non-planar surfaces, is a challenge for many of these techniques.

Herein, we present a study on the rational design and sys-
tematic control of nanowire (NW) architectures with tunable 
geometric parameters (length, spacing, and branching), using 
atomic layer deposition (ALD) for surface-directed nucleation 
and growth of hydrothermal NWs.[15] We have previously dem-
onstrated that this approach allows for the systematic fabrica-
tion of NW architectures independent of the underlying surface 
geometry or composition, and can be used to tune surface wet-
ting to enable superomniphobic surfaces by design.[15a]

In this study, the effect of surface chemistry and geometry 
on marine algal fouling in a multi-species environment is 
systematically studied for core–shell, or core–shell–shell, NW 
structures. It is shown that unfunctionalized NW structures 
can delay algal biofouling for ≈15 days, and reduce the surface 
coverage of fouling by up to ≈60% after 20 days compared to 
the untreated surfaces, while maintaining optical transparency. 
The mechanism of fouling reduction on the hydrophilic NWs 
can be attributed to two effects: 1) the NWs reduce the effec-
tive contact area with the fouling marine algae due to a steric 

hindrance to cell settlement; and 2) NWs produce a mechanical 
biocidal effect on the settled algae. The impact of NW geometry 
(length, spacing, and branching) on these effects was studied 
by systematic tuning the surface architecture.

Additionally, superhydrophobic NWs surfaces, fabricated by 
functionalizing the produced NWs with a low-surface-energy 
silane, demonstrated complete fouling prevention for ≈20 days 
and reduced the fouling coverage for more than 50 days. The 
durability of the superhydrophobicity obtained on different NW 
architectures can be explained through thermodynamic and 
mass transfer analysis and helps provide design principles for 
fabricating superhydrophobic anti-fouling coatings. In addi-
tion, the NW architectures were all transparent across the vis-
ible spectrum, demonstrating their feasibility on windows and 
optical surfaces. Overall, our work systematically discusses and 
demonstrates the design of anti-biofouling NW architectures 
with length-scales spanning from below 100 nm to greater than 
10 µm. By decoupling the impacts of NW geometry and surface 
chemistry, this study provides new insights into the rational 
design of anti-marine-fouling coatings at the nanoscale.

2. Results and Discussion

2.1. Fabrication of NW Surfaces

Marine algae are a complex mixture of diverse species with a 
characteristic size range from sub-micron to tens of microm-
eters (Figure S1, Supporting Information). Therefore, to study 
the impacts on marine fouling of surface textures that span 
these length-scales, ZnO NW arrays with tunable length, 
spacing, and branching were prepared using a previously pub-
lished method of surface-directed assembly that combines ALD 
with hydrothermal NW growth[15] (see details in Experimental 
Section). Specifically, shown in Figure  1a and Figure S2, Sup-
porting Information, the substrate (e.g., glass) was coated with 
a 20 nm seed layer of ALD ZnO, followed by a sub-monolayer 
“overlayer” of ALD TiO2. By controlling the number of ALD 
TiO2 cycles in this overlayer, the nucleation density of ZnO NWs 
can be monotonically tuned during subsequent hydrothermal 
growth with controlled inter-NW spacing from ≈40  nm to 
>10 µm.[15a] As shown by scanning electron microscope (SEM) 
analysis, the length of the NWs was tuned by varying the hydro-
thermal growth time (Figure 1b), while the spacing of the NWs 
was tuned by increasing with the number of ALD TiO2 overlayer 
cycles (Figure  1c). In addition to controlling NW length and 
spacing, branched NWs (BNWs) with controlled spacing were 
fabricated by a multi-step ALD-seeding/hydrothermal growth 
process (Figure  1d; Figure S2b, Supporting Information).[15a] 
Figure 1 shows a series of SEM images of the resulting NW and 
BNW morphologies to demonstrate the tunable control of the 
NW architecture. After the hydrothermal growth, the NWs were 
subsequently coated with a 5  nm Al2O3 shell to form a core–
shell structure (Figure S2c, Supporting Information). This shell 
served to prevent ZnO dissolution in the aqueous environment 
and enabled subsequent surface functionalization (further 
details in Experimental Section). Furthermore, the NWs can 
withstand normal shear flow (Figures S3 and S4, and Table S1, 
Supporting Information) and strong fluid and acoustic cleaning 
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process (Figure S5, Supporting Information). Moreover, we 
demonstrated that this fabrication method can be applied to 
larger length scales and to non-planar surfaces (Figure S6 and 
Video S1, Supporting Information).

2.2. Optical Transparency Characterization

The optical transparency of the NW architectures was charac-
terized using UV–vis spectrophotometry. As shown in Figure 2, 
all of the NW geometries were transparent across the visible 
spectrum, with an absorption onset in the UV region that cor-
responds to the bandgap of ZnO. For all high-density NWs 
(inter-NW spacing S < 100 nm) the samples transmitted >90% 
of light at wavelengths above 500  nm, and >80% between 

400 and 500  nm (Figure  2a,b). The transmittance decreased 
with increasing inter-NW spacing, which can be attributed to 
diffused light scattering that results from a slight decrease in 
NW angle with respect to the substrate normal (Figure  1c). 
Following this trend, the BNWs have a transmittance greater 
than 60%, which is attributed to increased scattering from the 
branches. In addition to total transmittance, the haze for each 
sample was quantified to illustrate the optical clarity of the sam-
ples (Figure S7, Supporting Information).

2.3. Wettability Characterization

In order to decouple the roles of surface geometry and sur-
face functionalization on marine fouling, we fabricated 

Figure 1.  Fabrication of NWs with tunable geometries. a) A schematic illustrating the NW fabrication process. b) SEM images of NWs with different 
lengths (L) ranging from 0.58 to 1.53 µm fabricated using different hydrothermal growth time from 15 to 105 min. These NWs have similar inter-NW 
spacing as ≈0.05 µm. c) SEM images of NWs with different inter-NW spacing (S) ranging from 0.05 to 11.37 µm. These NWs have similar NW length 
as ≈1.50 µm. The inter-NW spacing was modulated by changing the number of ALD TiO2 cycles from 0 to 7 cycles. d) BNWs with varying spacing 
between the base NWs.
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both hydrophilic and superhydrophobic NWs (Figure  3a) 
with tunable geometries. The ALD Al2O3 shell on the NWs 
is intrinsically hydrophilic due to its high surface energy  
(≈900 mJ m–2),[16] as confirmed by contact angle measurements 
(Figure  3b). Therefore, the wetted NWs in these hydrophilic 
samples were in the Wenzel state,[17] which fully exposed the 
NW surfaces to the marine environment.

In contrast, superhydrophobic NWs were fabricated by sur-
face functionalization of the NWs with a perfluorinated silane 
(see in Experimental Section). The water repellency of the 
silanized NWs was confirmed through contact angle and con-
tact angle hysteresis measurements (Figure  3). The silanized 
NWs possessing small inter-NW spacing (<100 nm) and varying 
lengths were all superhydrophobic (Figure  3b). The contact 
angle increased slightly with increasing NW length, which can 
be explained by a slight increase in inter-NW spacing at the tips 
with increasing length (Figure 1b). As the silanized NW spacing 
was increased to be above ≈3.2 µm, water wet the surface and 
entered the Wenzel state. This is because of the decrease in the 
breakthrough pressure, i.e., the applied pressure which forces 
the transition from the Cassie–Baxter state to the Wenzel state 
(see Figure  3a), with increasing NW spacing.[18] Furthermore, 
based on the modified Furmidge equation,[19] we can estimate 
the sliding angles from the advancing and receding angles of 
each surface (Tables S2 and S3, Supporting Information). All 

of the BNWs were superhydrophobic with low contact angle 
hysteresis (Table S4, Supporting Information). In addition, we 
demonstrated that the superhydrophobic NWs are stable under 
hydrostatic pressure with DI water (depth: 300 mm for 10 days) 
(Figure S8, Supporting Information), long exposure to seawater 
(1 month, Figure S9, Supporting Information) and ambient 
environment (>1 year, Table S5, Supporting Information).

2.4. Algal Fouling on Hydrophilic NWs

2.4.1. Algal Fouling Performance

We first studied the fouling of hydrophilic NWs (without silani-
zation) as a function of geometry by submersing the samples 
in artificial seawater with 1 g wet biomass of algae. The marine 
algae in this study were originally collected from the coast of 
Florida (USA), and have been previously utilized to study 
marine biofouling.[2,20] The culture contains multiple species[2,21]  
including cyanobacteria and diatoms (Figure S1, Supporting 
Information). The sample area covered by fouling was imaged 
every day for 50 days using optical microscopy, and quantified 
using ImageJ analysis (see Experimental Section; Figure S10, 
Supporting Information). As seen in the optical microscopy 
images (Figure 4a and Supporting Information) of the surfaces 

Figure 2.  Optical characterization on the different NW surfaces fabricated on glass. a) Optical image demonstrating the transparency of the fabricated 
NW surfaces. b) Transmittance of NWs with different lengths and similar inter-NW spacing (≈0.05 µm). c) Transmittance of NWs with different inter-
NW spacing and branching and similar NW length (≈1.50 µm).
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after 20 days fouling, all of the NW surfaces showed significant 
fouling reduction compared to the planar control.

Specifically, the planar control with the same surface 
chemistry as the NWs (5 nm ALD-coated Al2O3) was completely 
covered by fouling after ≈20 days, while the hydrophilic NWs 
with different lengths and degrees of branching showed ≈50% 
less coverage within the same time period (Figure 4b,c). Approx-
imately 35 days were required for the hydrophilic NWs to be 
100% covered with a biofilm, representing a delay of ≈15 days 
compared to the control. From the data shown in Figure 4b,c, it 
is clear that the fouling rate on the hydrophilic samples was rel-
atively independent of NW length and branching. In contrast, 
the fouling rate increased with increasing inter-NW spacing. 
From Figure  4d, the areal coverage was ≈50%, ≈65%, ≈75%, 
and ≈90% after 20 days on NWs with a spacing of 0.05 ± 0.01, 
0.43  ±  0.17, 1.40  ±  0.49, and 11.27  ±  2.02  µm, respectively. To 
confirm that these trends were not a function of the algal con-
centration, we evaluated and observed the same relative fouling 
rates in an environment where the initial algae concentration 
was reduced by 50% (Figure S11, Supporting Information).

The fouling coverage area fraction is a 2D projection of a 3D 
biofilm structure. To confirm that this is an accurate represen-
tation of the total extent of marine biofouling, we performed 
optical density measurements[22] on the fabricated surfaces after 
20 days of fouling. In these tests, a staining dye is absorbed by 
the cells, which is subsequently dissolved into dimethyl sul-
foxide (DMSO). By measuring the optical absorbance of the 
dye solution, a quantitative measurement of the total volume 
of cells attached to the surface can be obtained. As shown in 
Figure S12, Supporting Information, the trends observed in 
the optical density measurements were in agreement with the 
areal coverage from optical microscopy, which indicates the 
uniformity of the biofilm across the fouled area on the surface, 

and further validates the use of the algae coverage area fraction 
as a quantitative measure of fouling extent.

2.4.2. Fouling Reduction Mechanism on Hydrophilic NWs

The fouling reduction on the hydrophilic NWs can be attrib-
uted to two main factors: 1) size-selective settlement of dif-
ferent marine species based on the inter-NW spacing; and 2) a 
mechanical biocidal effect arising from deformation of the set-
tled bacteria on the NW surfaces.[11a,11b,23] Each of these mecha-
nisms are discussed in further detail below.

Size-Selective Settlement Mechanism: The first mechanism 
for the reduced fouling rate arises from our ability to tune the 
NW geometry at the characteristic length scales that match the 
size of the various fouling marine species (e.g., cyanobacteria 
and diatoms). We observed the initial settlement of the marine 
algae on surfaces with different inter-NW spacings after 2 days 
of fouling. Cross-sectional SEM images (Figure  5a) demon-
strate that the density of algae settlement between the NWs 
increased with increasing inter-NW spacing (further details in 
the Supporting Information). Specifically, when the inter-NW 
spacing was larger than ≈300 nm, bacteria were observed in the 
gaps between NWs. In contrast, for smaller inter-NW spacings, 
no settlement was observed between the NWs, and bacteria 
were only able to settle on the top surface of the NW array. We 
attribute this to steric hindrance, as the smallest length-scale 
of bacteria observed was ≈200  nm. Similarly, diatom settle-
ment between the NWs was only observed when the inter-NW 
spacing was greater than 10 µm, which is the characteristic size 
of the diatoms observed in this study. Further statistical analysis 
of these trends at different locations along the surface is pro-
vided in the Supporting Information (Figure S13, Supporting 

Figure 3.  Contact angle measurement on hydrophobic NWs. a) Schematics illustrating Cassie–Baxter and Wenzel states. b) Contact angle and contact 
angle hysteresis measurements on unsilanized and silanized NWs with different lengths. c) Contact angle and contact angle hysteresis measurements 
on unsilanized and silanized NWs with different inter NW spacings. Error bars were obtained from at least five independent measurements.
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Information). These trends illustrate that the fouling species 
are able to access a larger fraction of the surface area for settle-
ment as the inter-NW spacing increases (Figure 5b).

To reconcile these initial settlement observations with the 
fouling coverage area fraction results after extended time 
(shown in Figure  4d), we propose the following mechanism. 
When the inter-NW spacing is smaller than the characteristic 
length scale of bacteria, the rate of settlement between the NWs 
is very small, and therefore, the settlement focuses at the top 
surfaces of the NWs. This represents a smaller effective surface 
area than a planar sample, since the contact points are only 
at the tips of the NW. As discussed in the second mechanism 
below, this tip-contact with the cells also leads to a mechanical 
bactericidal effect.

As the inter-NW spacing increases within the range of 
300 nm–10 µm, the accessible surface for settlement increases, 
and bacteria are able to grow within the inter-NW voids. This 
mechanism increases the fouling rate as the inter-NW spacing 
increases. Eventually, as the inter-NW spacing continues to 

increase, a larger fraction of the underlying planar surface is 
available for settlement. The planar surface facilitates settle-
ment of a more diverse range of species, including diatoms. 
These trends indicate that the modulation of initial settlement 
can have a strong impact on the longer-term bio-fouling growth 
rate, as shown in Figure 5c.

Mechanical Biocidal Effect: The second mechanism for 
reducing the fouling rate on the NW surfaces relates to the 
biocidal effect that arises from mechanical interactions between 
the NWs and bacteria. This effect is known within the nat-
ural world; for example, dragonfly/cicada wings have strong 
bactericidal properties that arise from their nanostructured 
surfaces.[11a,d] These effects have been shown to be independent 
of surface chemical composition, and arise from the surface 
texture, rather than material toxicity.

To demonstrate that our NW arrays possess similar bioc-
idal properties, we analyzed the surfaces after 5 days of fouling 
test through fluorescent microscopic imaging using LIVE/
DEAD bacteria stains.[24] In Figure 6a, we observe an increased 

Figure 4.  Marine algae fouling on different hydrophilic NW surfaces. a) Optical microscopy images comparing hydrophilic NW and planar control 
surfaces after 20 days of algal fouling. b) Algae coverage area fraction on NWs with different lengths and similar spacing (≈0.05 µm) in the Wenzel state 
for 50 days. c) Algae coverage area fraction on BNWs in the Wenzel state for 50 days. d) Algae coverage area fraction on NWs with different inter-NW 
spacings and similar length (≈1.50 µm) in the Wenzel state for 50 days. Errors bars were obtained from at least three independent measurements.
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fluorescence signal from total-cell dye (fluorescent color: green) 
as inter-NW spacing increases. This is consistent with the 
trends shown in Figure  4d, wherein the fouling rate increases 
with increasing inter-NW spacing. Furthermore, we observed 
that the fraction of total cells that are dead (fluorescent color: 
red) decreases as inter-NW spacing increases. Similar trends 
are observed in the hydrophilic NW samples with different NW 
lengths and degrees of branching (Figures S14 and S15, Sup-
porting Information). This indicates that as the inter-NW spacing 
decreases, a mechanical biocidal effect, similar to naturally nano-
structured anti-bacterial surfaces, can be observed. This leads to 
the death of the initial bacteria that settle on the closely packed 
NW surfaces, and slows the subsequent bio-film growth kinetics.

To confirm that this biocidal effect is purely a geometric 
effect and not caused by Zn-ion dissolution into the aqueous 
solution, we performed inductively coupled plasma mass spec-
trometry (ICP-MS) measurements (Figure S17, Supporting 
Information). Owing to the presence of the Al2O3 shell on the 
NW surfaces, the concentration of Zn ions in the solution was 
found to be well below the toxicity level for marine algae.[25] 
Therefore, we conclude that it is the physical geometry, rather 
than the chemical composition of the NWs, that leads to their 
anti-bacterial properties.

These results on the mechanical toxicity of the fabricated 
NWs towards marine algae are consistent with previous 
studies on the anti-bacterial properties of other nanoscale 

Figure 5.  Size-selective settlement mechanism for fouling reduction on hydrophilic NWs. a) Cross-sectional SEM images of NWs with different spacing 
after 2 days of fouling. b) Schematic illustrating the spatial variation in fouling rate along the surface of NWs with different spacings. c) The algal fouling 
coverage area fraction, which has been normalized by the planar control on NWs with different spacings after 20 days. Errors bars were obtained from 
at least three independent measurements.
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surface architectures (e.g., black silicon[11a] and graphite[26]). 
Mechanical biocidal effects have been attributed to multiple 
mechanisms, for example, mechanical penetration of the 
cells,[11a] destructive extraction,[27] and storage and release of 
mechanical energy.[11b] While a full mechanistic understanding 
of these coupled mechanical-biocidal effect requires further 
investigation, it is clear that the rational design of hydrophilic 
NW architectures can be used to tune size-selective settle-
ment and mechanical interactions during the initial settle-
ment, which can both contribute to improved anti-fouling 
performance.

2.5. Algal Fouling on Superhydrophobic NWs

2.5.1. Algal Fouling Performance

To study the effect of surface wettability on marine fouling, 
superhydrophobic NWs were functionalized via reaction with 
a low-surface-energy fluoro-silane, and tested under the same 
marine environment (Figure 7a and Supporting Information). 
For high-density superhydrophobic NWs with varying lengths, 
fouling was completely prevented for 7–12 days, and the time 
to reach 100% area coverage was 28–35 days longer than the 
planar control with the same surface chemistry (i.e., func-
tionalized with fluoro-silane) (see Figure  7b). An increase in  
the length of the NWs resulted in a monotonic increase in 
the duration of the Cassie–Baxter state underwater, as shown by 
the increased residence time before the onset of fouling.

Furthermore, unlike the BNWs in Wenzel state (Figure 4c), the 
BNWs in the Cassie–Baxter state exhibited an increased duration 
in fouling prevention compared to unbranched NWs (Figure 7c). 
Specifically, the BNWs remained unfouled for 17–22 days,  
a period of greater than 50 days transpired before full algal areal 
coverage was observed on these surfaces (see in Figure 7c).

The fouling performance of the hydrophobic NWs was also 
observed to vary with the inter-NW spacing. Since NWs with 
a spacing of 11.27  ±  2.02  µm were in Wenzel state even after 
silanization (Figure 3b), their fouling performance was similar 
to the unsilanized (hydrophilic) surfaces with large inter-NW 
spacing. This indicates changing surface chemistry alone does 
not have a strong effect on the NW’s anti-fouling properties 
when wetting occurs. Similarly, the algal fouling coverage was 
close to the planar control (Figures 4d and 7d) when the inter-
NW spacing was greater than 10 µm.

In contrast, when the inter-NW spacing was small enough to 
maintain the Cassie–Baxter state, a minimum in surface fouling 
as a function of NW spacing was observed. Specifically, the 
NWs with an intermediate spacing of S  = 0.43  ±  0.17  µm out-
performed the NWs with smaller (S = 0.04 ± 0.01 µm) and larger 
(S = 1.40 ± 0.49 µm) spacing. The NWs with a spacing of 0.43 µm 
were completely unfouled for more than 20 days, and increased 
the time required to reach 100% areal fouling coverage by >50 days  
when compared to the planar control (Figure  7d). As with the 
hydrophilic samples, we performed optical density measure-
ments on the hydrophobic surfaces, and the results were found 
to be consistent with the trends observed in the 2D areal cov-
erage data (Figure S12, Supporting Information).

Figure 6.  Mechanical biocidal effect of hydrophilic NWs. a) Fluorescent microscopic images of NWs with different inter-NW spacing after submerging 
in marine algae culture solution for 5 days. b) Dead cell percentage as a function of substrate geometry.
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2.5.2. Anti-Fouling Mechanism and Superhydrophobicity Duration 
on Submerged NWs

To confirm that fouling was completely suppressed on supe-
rhydrophobic NWs before wetting occurs, the absence of any 
settled marine species on the solid surfaces was confirmed by 
fluorescent microscopy. All surface geometries were immersed 
in the marine algae culture solution for 5 days and then dyed 
with LIVE/DEAD cell fluorescent dyes. As shown in Figures S14  
and S16, Supporting Information, NWs in the Cassie–Baxter 
state showed no fluorescent signal, as there were no cells 
attached to the surface. However, the samples that were initially 
superhydrophobic eventually became wetted by the marine 
environment and collapsed into the Wenzel state. At this point, 
fouling initiated.

Since the transition from the Cassie–Baxter state to the 
Wenzel state drove the onset of fouling, the underwater dura-
tion of superhydrophobicity (i.e., the time for which the air 
layer remained “trapped” within the NW texture) is critical in 
determining the longevity of fouling prevention. In general, the 
underwater duration of superhydrophobicity depends on the 

total volume of the air layer, the applied hydrostatic pressure, 
and follows Fick’s law of mass transfer at the air–water inter-
face.[28] Specifically, the underwater duration of the air layer 
within the NW texture can be expressed as

τ ≈V pn· 	 (1)

where τ is the duration of the air layer, V is the total volume of 
the air layer, p is the hydrostatic pressure, and n is a constant 
depending on water properties (e.g., surface tension, oxygen, 
nitrogen level, etc.) and any present contaminants (e.g., bio-
logical species, ionic concentration, organic contaminants, etc.) 
(further details can be found in the Supporting Information).

Furthermore, water is known to vaporize at a different rate 
along curved air–water interfaces due to an increase in the 
Laplace pressure. Quantitatively, this change in vapor pres-
sure is typically described by the Kelvin relation. This addi-
tional evaporation along a curved interface can be used to 
increase the stability of the gas layer when the surface pores are 
below a critical length (typically ≈ 1  µm).[29] Thus, to enhance 
the longevity of the superhydrophobic surfaces underwater, 

Figure 7.  Marine algae fouling coverage on superhydrophobic NWs surfaces. a) Optical microscopy images for planar and NW surfaces after 20 days 
of algae fouling. b) Algae coverage area fraction on high-density NWs as a function of NW length for 60 days. The inter-NW spacing of these NWs was 
≈0.05 µm. c) Algae coverage area fraction on BNWs for 80 days. d) Algae coverage area on NWs with different inter-NW spacings and similar length 
(≈1.50 µm) for 80 days. The immersion depth for all samples was 10 mm. Error bars were obtained from at least three independent measurements.
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superhydrophobic NWs with a larger air volume and a spacing 
below 1 µm are desired.

From Figure  8a and Figure S18, Supporting Information, 
the superhydrophobic duration under the marine algae envi-
ronment increased with the increase of the air layer volume 
on NWs with different length and degrees of hierarchy. Spe-
cifically, when the inter-NW spacing is fixed, the superhydro-
phobic duration on these surfaces increases linearly with the 
total volume of the air layer. In addition, the superhydrophobic 
duration increased with an increase in inter-NW spacing, 
when the spacing was less than the critical length (≈1  µm) 
(Figure  8a).[29] This is because the air layer volume increases 
with increasing inter-NW spacing, and all NWs with a spacing 
below 1  µm experience an enhancement in the superhydro-
phobicity duration as a result of the enhanced water vaporiza-
tion. The vaporized water can partially replenish the air layer 
volume within submerged air-pockets, and thereby increase 
the lifetime.

In contrast, when the spacing of the NWs is larger than 
the critical length, the superhydrophobic duration decreases 
(Figure  8a). Interestingly, when the BNW architectures had a 
spacing between the base NWs of ≈1.40  µm (larger than the 
critical length), the superhydrophobic duration still increased. 
We attribute this to the fact that the spacing between the NW 
branches remained less than 1  µm, and thus the overall NW 
architecture possessed air pockets that can be stabilized by 
vaporized water. This demonstrates the utility provided by the 
control of hierarchical geometry at the nanoscale to tune the 
coupled wetting and fouling properties of superhydrophobic 
surfaces, and elucidates a set of design guidelines for nano-
structured anti-fouling surfaces.

3. Conclusion

In this study, we fabricated optically transparent nanostructured 
surfaces with controlled geometric parameters, and systemati-
cally studied their structure–property relationships with respect 
to marine fouling. As part of our work, we fabricated NW sur-
faces with tunable control over their length, inter-NW spacing, 
and degrees of hierarchy spanning the nano-to-microscales.

For hydrophilic NWs, we demonstrated fouling reduction by 
up to 60% after 20 days, and a time-delay of 20 days before 100% 
fouling coverage. These anti-fouling properties were attributed 
to both size-selective settlement behavior and mechanical bioc-
idal effects. For superhydrophobic NWs, we demonstrated that 
the non-fouling state can be maintained for up to 22 days and 
fouling can be delayed by more than 50 days.

By quantifying the coupled relationships between NW geom-
etry, surface wettability, optical transparency, and interaction 
with marine algae, we have identified design guidelines that 
are supported by thermodynamic and mass transfer principles. 
Specifically, for hydrophilic NWs, the rate of fouling monotoni-
cally decreases with inter-NW spacing down to 50  nm, which 
is attributed to a combination of 1) size-selective settlement of 
marine species; and 2) a mechanical biocidal effect that arises 
from interactions at the NW tips. For superhydrophobic NWs, 
fouling can be completely suppressed when the unwetted 
Cassie–Baxter state is maintained, and can be delayed when the 
NWs transit to the wetted Wenzel state due to the same rea-
sons described for hydrophilic NWs. The duration of under-
water superhydrophobicity can be enhanced by increasing the 
volume of the air layer (through increasing NW length and 
introducing hierarchical branching) and optimizing inter-NW 

Figure 8.  Superhydrophobic duration for NWs in the Cassie–Baxter state. a) Superhydrophobicity duration of NW surfaces with different length and 
degrees of hierarchy under marine algae fouling conditions. b) Superhydrophobic duration of NW surfaces with different spacing under the marine 
algae fouling conditions.
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spacing. In the future, the geometric design principles and 
mechanistic insights provided in this study could be applied 
to other nanostructured material systems, including durable 
polymer surfaces.[30] These insights can be used to rationally 
design nanostructured surfaces with anti-fouling properties 
for a broad range of applications, including marine fouling, 
biomedical devices, and the food industry.

4. Experimental Section
Atomic Layer Deposition: ZnO was deposited at a substrate 

temperature of 150  °C using diethyl zinc (DEZ) and DI water as the 
precursors. The ZnO was deposited as a polycrystalline film with a 
growth rate of ≈2.0 Å per cycle. TiO2 was deposited at a substrate 
temperature of 175 °C using tetrakis(dimethylamido)titanium (TDMAT) 
and DI water as the precursors. The TiO2 growth rate was measured 
to be ≈0.6 Å per cycle using ellipsometry. Al2O3 was deposited at a 
substrate temperature of 150  °C using trimethylaluminum (TMA) and  
DI water as the precursors. The Al2O3 growth rate was measured to  
be ≈1.0 Å per cycle using ellipsometry.

ZnO NW Fabrication: The ZnO NWs were grown in a solution using 
the sample concentration from our previous report.[15a] The hydrothermal 
growth was performed at 90  °C and ambient pressure. The substrates 
with ALD seed layers were suspended facing downward with angle ≈45° in 
the solution to prevent the homogeneous precipitate from settling on the 
surface. The total time for NW growth varied from 15 to 105 min after the 
solution temperature reached 90  °C. To avoid overheating the solution, 
the solution was gradually heated from room temperature (20 °C) to the 
reaction temperature (90 °C) at a rate of ≈1 °C min–1. Therefore, the total 
submerged time for the samples varied between 75 and 165 min.

Surface Chemistry Modification: Heptadecafluoro-1,1,2,2-
tetrahydrodecyltrichlorosilane (F-17) purchased from Gelest, Inc., 
was used to silanize the core–shell ZnO/Al2O3 NWs with different 
lengths, inter-NW spacings, and levels of branching to achieve 
superhydrophobicity. Thirty cycles of ALD Al2O3 (≈5 nm) was deposited 
on the NW surface as a buffer to provide reactive sites for silanization. 
The samples were cleaned in oxygen plasma for 10 min and maintained 
in a silane vapor environment at 120  °C for more than 3 h. After 
silanization process, the samples were rinsed with toluene to remove 
unbonded silane. The perfluorinated silane used to render the NWs to be 
superhydrophobic was chosen as an example surface functionalization 
to explore the geometric design principles for underwater 
superhydrophobic surfaces. Other alternative biocompatible surface 
modifications can also be applied to make NWs superhydrophobic, for 
example, the grafting of polydimethylsiloxane (PDMS) chains.[31]

Contact Angle Measurements: Contact angle measurements were 
performed with a Ramé-Hart 200-F1 contact angle goniometer using the 
sessile drop method. DI water and hexadecane (purchased from Thermo 
Fisher Scientific) were used as probe liquids. Advancing and receding 
contact angles were obtained by measuring the angle while the liquid 
was slowly added to or removed from a ≈3  µL droplet in contact with 
the sample and a micrometer syringe. At least five measurements were 
performed per sample, and the standard error is ±0.1°.

Algal Fouling Experiments: Marine green algae were raised in a fish 
tank at 25 °C with a standard bubbler and lighting for half-day on as 
a reservoir for algae biofilms. A total of 40% of the total volume was 
replaced with fresh culture solution every week. One gram of biomass 
(i.e., algae biofilm) was weighted through an analytical balance with 
a resolution of 0.0001 g and was introduced to a medium-sized petri 
dish (diameter: 100 mm) with 50 mL of seawater and F/2 (purchased 
from https://www.amazon.com/) mixture. Samples were cut into the 
same size (25  mm × 15  mm) before fabrication and submerged into 
the algae culture environment after being coated with different NWs. 
The bench culture in petri dishes was kept in room temperature 
(20  °C) with a lighting for half-day on. A total of 40% of the total 
volume (20  mL) was replaced in each petri dish culture with fresh 

culture solution every 5 days. The hydrostatic pressure on the testing 
samples was kept at ≈100 Pa.

Algae Coverage Area Fraction Measurement: The area fraction was 
quantified with microscopic images on the samples through ImageJ 
analysis. The microscopic images were taken over at least three different 
locations on each of the sample surfaces. The images were converted 
to 8 bit gray images and analyzed using ImageJ to obtain area coverage 
fraction. The Supporting Information shows three microscopic images 
(Figure S10a, Supporting Information) at different measurement spots 
on the hydrophilic NW sample after 20 days of fouling. In addition, 
Figure S10b, Supporting Information, shows the ImageJ analysis process 
on one of the microscopic images.

Optical Density Measurements: All samples were submerged in 
the algae culture solution for 20 days and rinsed by saltwater (0.8 M 
NaCl) to remove unattached algae. Then the samples were submerged 
in DMSO (Sigma-Aldrich) for 15  min to remove the chlorophyll in 
the algae, which would interfere in the signal of the trypan blue. After 
removing the chlorophyll, the samples were gently rinsed by saltwater 
again and stained with trypan blue (from Thermo Fisher Scientific) for 
15 min, followed by rinsing off the excess dye. Finally, 10 mL of DMSO 
was used for each sample to extract the blue dye and absorbance of the 
liquid was measured by UV–vis spectrometry.

Fluorescent Microscope Imaging: The samples were all submerged 
in the algal culture solution for 5 days, and then were taken out and 
placed in sodium chloride (NaCl) solution (0.85%) with gentle stirring 
for 15  min to remove the unsettled algae. A LIVE/DEAD BacLight 
bacteria dye kit (Thermo Fisher Scientific L7012) was used to stain the 
fouled samples. The mixing ratio of LIVE/DEAD dye was 1:1, and the 
mixing ratio of dye to solution was 3 µL of dye to 1 mL of 0.85% NaCl. 
The samples were all stained with the dye solution for 15  min in dark 
environment. Fluorescent microscope images of each sample were 
taken through spinning disk confocal microscope (Olympus IX2-ZDC2) 
under the light with a wavelength of 480/500 nm (green) for total cells 
and 490/635 nm (red) for dead cells.

ICP-MS Measurements: A Zn ion calibration solution was prepared 
with concentrations of 5, 10, and 20 ppb. The measured concentration 
matched well with calibrated concentration and fitted linearly with 
R2  >  0.999. The NW samples, with protection Al2O3 ALD overcoats in 
≈5 and ≈15 nm, were submerged into 2 mL of DI water for 5 days. The 
fouling testing environment for each sample was 50 mL.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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