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Muling is a sticky global problem that hinders maritime industries. Various micro-scale
surfacemstructures inspired by marine biological species have been explored for their anti-fouling
Q @ Jowever, systematic studies of anti-marine-fouling performance on surface architectures

h eristic length-scales spanning from below 100 nm to greater than 10 um are generally

1re architectures with tunable geometries (length, spacing, branching) and surface chemistry. We
the ability of the nanowires to significantly delay or prevent marine biofouling. Compared
to planar sygfaces, hydrophilic nanowires can reduce fouling coverage by up to ~60% after 20 days.
Heduction mechanism is mainly due to two geometric effects: reduced effective settlement

are chanical cell penetration. Additionally, superhydrophobic nanowires can completely
prevent magine biofouling for up to 22 days. The nanowire surfaces are transparent across the visible
sp aking them applicable to windows and oceanographic sensors. Through the rational control

&no-architectures, the coupled relationships between wettability, transparency, and anti-
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biofouling performance are identified. We envision that the insights gained from the work can be used
to systematically design surfaces that reduce marine biofouling in various industrial settings.

{

1. Introdug @

|
Marine bigfouling is a sticky global problem due to the vast diversity of fouling organisms and

adhesion hamisms that hinder a range of maritime applications M Issues associated with marine

G

(3]

biofouling i increased fuel consumption from drag @ safety concerns from corrosion *, and

attenuatiofil offSenSor signals . Challenges specific to the marine environment include development

S

of robust olutions for a diverse range of biological species and local ocean conditions,

U

toxicity associated with commercial anti-fouling paints, and manufacturing challenges associated

with coating a range of materials and non-planar geometries. For example, to prevent fouling on

3

windows a viewing surfaces, it is critical to maintain optical transparency. This prevents the

potential use of €0mMmon anti-fouling paints®.

d

To overco challenges, surface micro/nano structures have attracted significant recent

W

attention. This is in part because numerous marine species (e.g., shark skin ©, crab eyes "), seashell

) have eW@lved to adopt surface micro/nano structures to prevent marine-fouling ©. Inspired by

£

these mari s, a range of structures with characteristic length-scales typically ranging from

¢

micrometers illimeters have been designed and fabricated to reduce marine fouling ™. Such

surfaces hake been tested within both single-species (e.g., Ulva spores, marine diatoms, barnacle

h

[10a]

larva) ™ ulti-species (e.g., field tests in the ocean) environments. However, most of

f

the surface microStructures studied to date have focused on reducing fouling of a single species; in

Ul

A
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contrast, surface structuring has often demonstrated minimal reduction, or even an increase in

fouling when exposed to a multi-species environment %1%,

{

Additionall cale surface structures (ranging from <100 nm to hundreds of nanometers) have
been expl r antibacterial properties in biomedical applications . However, nano-scale
I

surface ar@fitectures with tunable geometric control have not yet been systematical studied in

marine foulfhg eMlironments. It has been widely reported that marine biofouling follows a linear

G

[ [1, 12]

‘successional’ de in which smaller species (cyanobacteria, etc.) settle and grow first,

S

followed b 0i€8 of macroalgae (diatoms, etc.) within the first week, and finally within several

weeks, by larvae Yof invertebrates (barnacles, etc.). Accordingly, we hypothesize that nanoscale

Ul

structures sed to impact the initial settlement and growth of marine cyanobacteria, and

N

further pr delay subseuquent fouling based on the ‘successional’ model 22 general,

systematicls Shof marine biofouling on surface architectures with characteristic length-scales

d

om below 100 nm to above 10 um could lead to new mechanistic insight into the

development i-marine-fouling coatings, but are lacking.

M

One of the major challenges associated with systematically studying marine fouling on surface

[

textures a extremely small length-scales is the availability of scalable nano-fabrication

processes @ le systematic tuning of feature geometries on a variety of non-planar substrates.

Most curre ation methods to create controlled nanoscale architectures depend on different

N

patterni es (e.g., lithography), which are restricted in their substrate compatibility,

|

scalability, ®nd cost ™™ In addition, it is challenging to apply lithography techniques to fabricate

nanostructures onftomplex geometries, such as curved surfaces and fabrics. Alternative patterning

J

and depo methods (e.g., self-assembly) can provide precise control over periodic

A
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geometries."” However, the ability to decouple independent geometric parameters in 3-dimensions

(width, spacing, aspect ratio), which maintain conformal coverage over large areas and on non-

£

planar surfdces is a challenge for many of these techniques.

Herein, we udy on the rational design and systematic control of nanowire architectures
I
with tuna eometric parameters (length, spacing, and branching), using atomic layer deposition

(ALD) for aceMdirected nucleation and growth of hydrothermal nanowires (NWs) 51 We have

SC

previously de strated that this approach allows for the systematic fabrication of NW

architectu endent of the underlying surface geometry or composition, and can be used to

tune surface wettifig to enable superomniphobic surfaces by design ™.

U

In this study, the effect of surface chemistry and geometry on marine algal fouling in a multi-species

N

environment are systematically studied for core-shell, or core-shell-shell, NW structures. It is shown

that unfun

&

d NW structures can delay algal biofouling for ~15 days, and reduce the surface

covera ouling by up to ~60% after 20 days compared to the untreated surfaces, while

maintai ical transparency. The mechanism of fouling reduction on the hydrophilic NWs can

M

be attributed to two effects: 1) the NWs reduce the effective contact area with the fouling marine

[

algae due ic hinderance to cell settlement; and 2) NWs produce a mechanical biocidal effect

on the set 2. The impact of NW geometry (length, spacing, and branching) on these effects

was studie matic tuning the surface architecture.

n

Additionally, supeghydrophobic NWs surfaces, fabricated by functionalizing the produced NWs with

{

a low-surf y silane, demonstrated complete fouling prevention for ~20 days and reduced

u

the foulin e for more than 50 days. The durability of the superhydrophobicity obtained on

A
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different NW architectures can be explained through thermodynamic and mass transfer analysis and
helps provide design principles for fabricating superhydrophobic anti-fouling coatings. In addition,
the nathectures were all transparent across the visible spectrum, demonstrating their
feasibility @s and optical surfaces. Overall, our work systematically discusses and
demons!raEdesign of anti-biofouling NW architectures with length-scales spanning from

below 100 greater than 10 um. By decoupling the impacts of NW geometry and surface

chemistry, Hi y provides new insights into the rational design of anti-marine-fouling coatings at

the nanosm
2. Results and Dis;ssion

2.1. Fabricgation of NW surfaces

Marine alm complex mixture of diverse species with a characteristic size range from sub-
micron to tenhs Of micrometers (Figure S1). Therefore, to study the impacts on marine fouling of
surface text at span these length-scales, ZnO NW arrays with tunable length, spacing, and
branchiEpared using a previously-published method of surface-directed assembly that
combines §D with hydrothermal NW growth ™ (see details in Experimental Section). Specifically,
shown in Fi 1la and S2, the substrate (e.g., glass) was coated with a 20 nm seed layer of ALD
Zn0, follomsub—monolayer “overlayer” of ALD TiO,. By controlling the number of ALD TiO,
cycles iﬂayen the nucleation density of ZnO NWs can be monotonically tuned during

subsequen' hydroi1erma| growth with controlled inter-NW spacing from ~40 nm to >10 pm %, As
shown by electron microscope (SEM) analysis, the length of the NWs was tuned by varying

the hydrot growth time (Figure 1b), while the spacing of the NWs was tuned by increasing

<
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with the number of ALD TiO, 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-
seedingMHnal growth process (Figure 1d and S2b) [15a) Figure 1 shows a series of SEM
images of ing NW and BNW morphologies to demonstrate the tunable control of the NW
architec!urmme hydrothermal growth, the NWs were subsequently coated with a 5 nm Al,O3
shell to form,a e-shell structure (Figure S2c). This shell served to prevent ZnO dissolution in the

ﬂent and enabled subsequent surface functionalization (further details in

aqueous

Experimengal $écti@n). Furthermore, the NWs can withstand normal shear flow (Figures S3 and 5S4,

S

and Table trong fluid and acoustic cleaning process (Figure S5) (Supporting Information).

U

Moreover, onstrated that this fabrication method can be applied to larger length scales and

to non-planar surfaces (Figure S6 and Supporting Video S1).

[})

2.2. Opticalitr rency characterization

O

The o ransparency of the NW architectures was characterized using UV-Vis

spectro etry. As shown in Figure 2, all of the NW geometries were transparent across the

M

visible spectrum, with an absorption onset in the ultraviolet region that corresponds to the bandgap

1

of ZnO. Fo ighedensity NWs (inter-NW spacing S <100nm) the samples transmitted >90% of light

at wavele @ pve 500 nm, and >80% between 400 nm and 500 nm (Figure 2a and 2b). The

transmitta ased with increasing inter-NW spacing, which can be attributed to diffused light

n

scatteri Its from a slight decrease in NW angle with respect to the substrate normal

t

(Figure 1c)™Following this trend, the branched NWs (BNWs) have a transmittance greater than 60%,

which is attributedito increased scattering from the branches. In addition to total transmittance, the

J

A

This article is protected by copyright. All rights reserved.

7



WILEY-VCH

haze for each sample was quantified to illustrate the optical clarity of the samples (Figure S7 and

Supporting Information).

2.3. Wettamterization

In ordemtopdeeempie the roles of surface geometry and surface functionalization on marine fouling,
we fabrica%hydrophilic and superhydrophobic NWs (Figure 3a) with tunable geometries. The

ALD Al,O; shell onghe NWs is intrinsically hydrophilic due to its high surface energy (~900 mJ/m?) ¢,

C

as confir ntact angle measurements (Figure 3b). Therefore, the wetted NWs in these

[17]

US

hydrophilic samples were in the Wenzel state ", which fully exposed the NW surfaces to the marine

environme

In contrastNsuperhydrophobic NWs were fabricated by surface functionalization of the NWs with a

[l

perfluorin e (see in Method). The water repellency of the silanized NWs was confirmed

d

through contact™angle and contact angle hysteresis measurements (Figure 3). The silanized NWs

possessing s er-NW spacing (<100 nm) and varying lengths were all superhydrophobic (Figure

\Y(

3b). Th gle increased slightly with increasing NW length, which can be explained by a

slight incregse in inter-NW spacing at the tips with increasing length (Figure 1b). As the silanized NW

[

spacing was j ased to be above ~3.2 um, water wet the surface and entered the Wenzel state.

This is bec e decrease in the breakthrough pressure, i.e. the applied pressure which forces

O

the transit rom the Cassie-Baxter State to the Wenzel State (see Figure 3a), with increasing NW

i

t

[19]

spacing Furth ore, based on the modified Furmidge equation ', we can estimate the sliding

angles fro ancing and receding angles of each surface (Table S2 and S3). All of the BNWs

U

were supe obic with low contact angle hysteresis (Table S4). In addition, we demonstrated

A
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that the superhydrophobic NWs are stable under hydrostatic pressure with DI water (depth: 300 mm

for 10 days) (Figure S8), long exposure to seawater (1 month, Figure S9) and ambient environment

(>1 year, Tkl 5).

2.4. Algal f drophilic NWs
I
2.4.1. Algaherformance

C

We first st e fouling of hydrophilic NWs (without silanization) as a function of geometry by

submersinglth® samples in artificial seawater with 1-gram wet biomass of algae. The marine algae in

O

this study inally collected from the coast of Florida (USA), and have been previously utilized

[2,21]

U

to study marine biofouling 2%, The culture contains multiple species including cyanobacteria

and diato Figure S1). The sample area covered by fouling was imaged every day for 50 days using

1

optical mi and quantified using ImageJ analysis (see Experimental Section, Figure S10). As

d

seen in the opti€al microscopy images (Figure 4a and Supporting Information) of the surfaces after

20 days fouling®allof the NW surfaces showed significant fouling reduction compared to the planar

I

control

Specificall e planar control with the same surface chemistry as the NWs (5 nm ALD-coated Al,0;)

4

was compl ered by fouling after ~20 days, while the hydrophilic NWs with different lengths

O

and degrees ranching showed ~50% less coverage within the same time period (Figure 4b and
4c). ApproXimately 35 days were required for the hydrophilic NWs to be 100% covered with a

biofilm, g a delay of ~15 days compared to the control. From the data shown in Figure 4b

th

and 4, it is clear that the fouling rate on the hydrophilic samples was relatively independent of NW

Ul

length and bra g. In contrast, the fouling rate increased with increasing inter-NW spacing. From

A
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Figure 4d, the areal coverage was ~50%, ~65%, ~75%, and ~90% after 20 days on NWs with a spacing
of 0.05+£0.01 um, 0.43£0.17 um, 1.404£0.49 um, and 11.27+2.02 um, respectively. To confirm that
these trent re not a function of the algal concentration, we evaluated and observed the same

relative fo in an environment where the initial algae concentration was reduced by 50%

(Figure !l]:

The foulin@e area fraction is a 2-dimensional projection of a 3-dimensional biofilm structure.
To confirm that_this is an accurate representation of the total extent of marine biofouling, we

performed\Qgificaldensity measurements %%

on the fabricated surfaces after 20-days of fouling. In
these tests, a staling dye is absorbed by the cells, which is subsequently dissolved into dimethyl
sulfoxide & By measuring the optical absorbance of the dye solution, a quantitative

measurem e total volume of cells attached to the surface can be obtained. As shown in

Figure Slzm-rds observed in the optical density measurements were in agreement with the

areal ¢ optical microscopy, which indicates the uniformity of the biofilm across the
fouled area o surface, and further validates the use of the algae coverage area fraction as an
quantitative measure of fouling extent.

2.4.2. Foulhtion mechanism on hydrophilic NWs

The fouling@n on the hydrophilic NWs can be attributed to two main factors: 1. Size-selective

settlemenS: ElEerent marine species based on the inter-NW spacing; 2. A mechanical biocidal

effect arisilﬁ froyieformation of the settled bacteria on the NW surfaces ™23 Each of these

mechanisn:cussed in further detail below.

<
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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 fo#arine species (e.g. bacterial, diatoms). We observed the initial settlement of the
marine alg es with different inter-NW spacings after 2-days of fouling. Cross-sectional
SEM im-agirlgure 5a) demonstrate that the density of algae settlement between the NWs
increased with zincreasing inter-NW spacing (further details in the Supporting Information).
SpecificallyUhe inter-NW spacing was larger than ~300 nm, bacteria were observed in the
gaps betwéen NWS$! In contrast, for smaller inter-NW spacings, no settlement was observed between

the NWs, ;ria were only able to settle on the top surface of the NW array. We attribute this
(¢

to steric e, as the smallest length-scale of bacteria observed was ~200 nm. Similarly,

diatom se\!ement between the NWs was only observed when the inter-NW spacing was greater

than 10 umis the characteristic size of the diatoms observed in this study. Further statistical
e

analysis of rends at different locations along the surface are provided in the Supporting

InformE S13). These trends illustrate that the fouling species are able to access a larger
fractio ce area for settlement as the inter-NW spacing increases (Figure 5b).

To reconcis these initial settlement observations with the fouling coverage area fraction results
after exten (shown in Figure 4d), we propose the following mechanism. When the inter-NW
spacingis s an the characteristic length scale of bacteria, the rate of settlement between the
NWs is ve! small, and therefore, the settlement focuses at the top surfaces of the NWs. This

represeMr effective surface area than a planar sample, since the contact points are only at

the tips of the As discussed in the second mechanism below, this tip-contact with the cells also

leads to a mechE:' al bactericidal effect.

This article is protected by copyright. All rights reserved.
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As the inter-NW spacing increases within the range of 300 nm-10 um, the accessible surface for
settlement increases, and bacteria are able to grow within the inter-NW voids. This mechanism
increaseﬁg rate as the inter-NW spacing increases. Eventually, as the inter-NW spacing
continues a larger fraction of the underlying planar surface is available for settlement.
The plan-arqimen:eacilitates settlement 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-fo wth rate, as shown in Figure 5c.

Mechanica cigdl Effect: The second mechanism for reducing the fouling rate on the NW surfaces
relates to the bidkidal effect that arises from mechanical interactions between the NWs and
bacteria. Thi t is known within the natural world; for example, dragonfly/cicada wings have

[11a, 11d]

strong bac properties that arise from their nanostructured surfaces These effects

have been@o be independent of surface chemical composition, and arise from the surface

texture material toxicity.
To de e that our NW arrays possess similar biocidal properties, we analyzed the surfaces

after 5 days of fouling test through fluorescent microscopic imaging using live/dead bacteria stains

24 In Figu observe an increased fluorescence signal from total-cell dye (fluorescent color:
green) as i @ spacing increases. This is consistent with the trends shown in Figure 4d, wherein
the fouling iacreases with increasing inter-NW spacing. Furthermore, we observed that the
fractiorﬁs that are dead (fluorescent color: red) decreases as inter-NW spacing increases.
Similar trefds are observed in the hydrophilic NW samples with different NW lengths and degrees of

branching *Fi;ure;M and S15). This indicates that as the inter-NW spacing decreases, a mechanical

biocidalqilar to naturally nanostructured anti-bacterial surfaces, can be observed. This

This article is protected by copyright. All rights reserved.
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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 is biocidal effect is purely a geometric effect and not caused by Zn-ion dissolution
into the a ion, we performed inductively coupled plasma mass spectrometry (ICP-MS)
I

measuremehts (Figure S17). Owing to the presence of the Al,0; shell on the NW surfaces, the

concentra o ions in the solution was found to be well below the toxicity level for marine

GE

algae ). Therefore, we conclude that it is the physical geometry, rather than the chemical

compositio t Ws, that leads to their anti-bacterial properties.

y

These resu mechanical toxicity of the fabricated NWs towards marine algae are consistent

with previdlls studies on the anti-bacterial properties of other nanoscale surface architectures (e.g.,

an

11a

black silicon d graphite %)

. Mechanical biocidal effects have been attributed to multiple

[27]

mechanis ample, mechanical penetration of the cells (113l Jestructive extraction " and

[11b]

storage elease of mechanical energy . While a full mechanistic understanding of these

couple nical-biocidal effect requires further investigation, it is clear that the rational design

M

of hydrophilic NW architectures can be used to tune size-selective settlement and mechanical

I

interaction img the initial settlement, which can both contribute to improved anti-fouling

performan

O

2.5. Algal ing on superhydrophobic NWs

¢

L

2.51.A erformance

To study ct of surface wettability on marine fouling, superhydrophobic NWs were

U

function la reaction with a low-surface-energy fluoro-silane, and tested under the same

A
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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

t

P

100% area Coverage was 28-35 days longer than the planar control with the same surface chemistry
(i.e., functi ith fluoro-silane) (see Figure 7b). An increase in the length of the NWs resulted

ina mo-no nic increase in the duration of the Cassie-Baxter state underwater, as shown by the

£

increased residepce time before the onset of fouling.

C

Furthermore, unlike the branched NWs (BNWs) in Wenzel state (Figure 6c), the BNWs in the Cassie-

o

Baxter sta hiited an increased duration in fouling prevention compared to unbranched NWs

(Figure 7c). Specifigally, the BNWs remained un-fouled for 17 — 22 days, a period of greater than 50

days transp re full algal areal coverage was observed on these surfaces (see in Figure 7c).

[l

The fouling performance of the hydrophobic NWs was also observed to vary with the inter-NW

d

spacing. Si with a spacing of 11.27+2.02 um were in Wenzel state even after silanization

(Figure elr fouling performance was similar to the unsilanized (hydrophilic) surfaces with large

inter-N ng. This indicates changing surface chemistry alone does not have a strong effect on

M

the NW’s anti-fouling properties when wetting occurs. Similarly, the algal fouling coverage was close

[

to the plan | (Figures 4d and 7d) when the inter-NW spacing was greater than 10 um.

In contras he inter-NW spacing was small enough to maintain the Cassie-Baxter state, a

O

minimum ifisurface fouling as a function of NW spacing was observed. Specifically, the NWs with an

h

intermediage spaciag of S = 0.4320.17 um outperformed the NWs with smaller (S = 0.04+0.01 pm)

{

and larger +0.49 um) spacing. The NWs with a spacing of 0.43 um were completely un-

U

fouled for n 20 days, and increased the time required to reach 100% areal fouling coverage

A
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by >50 days when compared to the planar control (Figure 7d). As with the hydrophilic samples, we
performed optical density measurements a on the hydrophobic surfaces, and the results were found

to be consite with the trends observed in the 2-D areal coverage data (Figure S12).

2.5.2. Anti- anism and superhydrophobicity duration on submerged NWs
||

]
To confirn&uling was completely suppressed on superhydrophobic NWs before wetting
occurs, the@ of any settled marine species on the solid surfaces was confirmed by fluorescent
microscopmace geometries were immersed in the marine algae culture solution for 5 days

Cassie-Bax

and then dyed with live/dead cell fluorescent dyes. As shown in Figure S14 and S16, NWs in the
zshowed no fluorescent signal, as there were no cells attached to the surface.

However, !e samples that were initially superhydrophobic eventually became wetted by the marine
environmemllapsed into the Wenzel state. At this point, fouling initiated.

Since the transi from the Cassie-Baxter state to the Wenzel state drove the onset of fouling, the
underwater ion of superhydrophobicity (i.e., the time for which the air layer remained

“trapp e NW texture) is critical in determining the longevity of fouling prevention. In

general, tl—s 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
interface ! ically, the underwater duration of the air layer within the NW texture can be
expressed s:

Tt Vp' (1)

where t isEation of the air layer, V is the total volume of the air layer, p is hydrostatic

pressure Is a constant depending on water properties (e.g., surface tension, oxygen and

This article is protected by copyright. All rights reserved.
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nitrogen level, etc.) and any present contaminants (e.g., biological species, ionic concentration,

organic contaminants, etc.) (further details in Supporting Information).

{

Furthermo is known to vaporize at a different rate along curved air-water interfaces due to
an increas place pressure. Quantitatively this change in vapor pressure is typically
I

described By the Kelvin relation. This additional evaporation along a curved interface can be used to

increase th€ stabMity of the gas layer when the surface pores are below a critical length (typically ~ 1

50

um) 1 Thus__to enhance the longevity of the superhydrophobic surfaces underwater,

superhydr Ws with a larger air volume and a spacing below 1 um are desired.

From Figu d S18, the superhydrophobic duration under the marine algae environment

t

increased the increase of the air layer volume on NWs with different length and degrees of

£

hierarchy. Specifically, when the inter-NW spacing is fixed, the superhydrophobic duration on these

surfaces in

a

nearly with the total volume of the air layer. In addition, the superhydrophobic

duratio ased with an increase in inter-NW spacing, when the spacing was less than the critical

length (& Figure 8a) ™. This is because the air layer volume increases with increasing inter-

M

NW spacing, and all NWs with a spacing below 1 pum experience an enhancement in the

I

superhydr ity duration as a result of the enhanced water vaporization. The vaporized water

can partial sh the air layer volume within submerged air-pockets, and thereby increase the

lifetime.

h

In contrastyg whengihe spacing of the NWs is larger than the critical length, the superhydrophobic

{

duration d (Figure 8a). Interestingly, when the BNW architectures had a spacing between

U

the base ~1.40 um (larger than the critical length) the superhydrophobic duration still

A
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increased. We attribute this to the fact that the spacing between the NW branches remained less
than 1 um, and thus the overall NW architecture possessed air pockets that can be stabilized by
vaporizednHﬁis demonstrates the utility provided by the control of hierarchical geometry at
the nanos he coupled wetting and fouling properties of superhydrophobic surfaces, and

elucidafes i setor aesign guidelines for nanostructured anti-fouling surfaces.

3. Conclus

C

In this stud#, ricated optically-transparent nanostructured surfaces with controlled geometric

S

parameters, and systematically studied their structure-property relationships with respect to marine

fouling. As ur work, we fabricated NW surfaces with tunable control over their length, inter-

U

NW spacing; and degrees of hierarchy spanning the nano-to-micro scales.

£

For hydro s, we demonstrated fouling reduction by up to 60% after 20 days, and a time-

a

delay of 20 days before 100% fouling coverage. These anti-fouling properties were attributed to both

size-selective ment behavior and mechanical biocidal effects. For superhydrophobic NWs, we

i

demon the non-fouling state can be maintained for up to 22 days and fouling can be

delayed bygnore than 50 days.

[

By quantif; coupled relationships between NW geometry, surface wettability, optical

O

transparency, interaction with marine algae, we have identified design guidelines that are

1

supported By thermodynamic and mass transfer principles. Specifically, for hydrophilic NWs, the rate

[

of fouli ically 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

Gl

that arises fro ractions at the NW tips. For superhydrophobic NWs, fouling can be completely

A
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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 reasons described for hydrophilic NWs. The
duratiorﬂvater superhydrophobicity can be enhanced by increasing the volume of the air
layer (thro ing NW length and introducing hierarchical branching) and optimizing inter-
NW spaﬂnﬁiinefuture, the geometric design principles and mechanistic insights provided in this

0

study couldgbegapplied to other nanostructured material systems, including durable polymer
surfaces B8

nsights can be used to rationally design nanostructured surfaces with anti-fouling

propertiesffor/@ bif®ad range of applications, including marine fouling, biomedical devices, and the

food indus:
4, ExperimCtion

Atomic La ition: ZnO was deposited at a substrate temperature of 150 °C using diethyl zinc

(DEZ) a
of ~2.0.h e.

tetrakis(dimethylamido)titanium (TDMAT) and DI water as the precursors. The TiO, growth rate was

as the precursors. The ZnO deposited as a polycrystalline film with a growth rate

TiO, was deposited at a substrate temperature of 175 °C using

measured 6 A/cycle using ellipsometry. Al,O; was deposited at a substrate temperature of

150 °C usi m ylaluminum (TMA) and DI water as the precursors. The Al,O; growth rate was

measurr@ A/cycle using ellipsometry.

Zn0 NWf#ricatign The ZnO NWs were grown in a solution using the sample concentration from

our previo: %3 The hydrothermal growth was performed at 90 °C and ambient pressure.

The subst

<

h ALD seed layers were suspended facing downward with angle ~45° in the
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solution to prevent the homogeneous precipitate from settling on the surface. The total time for NW
growth varied from 15 — 105 min after the solution temperature reached 90°C. To avoid overheating
the solhradually heated the solution from room temperature (20°C) to the reaction
temperatu t a rate of ~1°C/min. Therefore, the total submerged time for the samples

varied b-et\!ien ’g — 165 minutes.

Surface chémis modification: Heptadecafluoro-1,1,2,2-tetrahydrodecyltrichlorosilane (F-17)

purchased from_Gelest Inc. was used to silanize the core-shell ZnO/Al,0; NWs with different lengths,

SG

inter-NW s and levels of branching to achieve superhydrophobicity. 30 cycles ALD Al,O; (~5

nm) was depositel on the NW surface as a buffer to provide reactive sites for silanization. The

Ul

samples w ed in oxygen plasma for 10 min and maintained in a silane vapor environment at

1

120 °C for n 3 hours. After silanization process, the samples were rinsed with toluene to

remove ungo ilane. The perfluorinated silane used to render the NWs to be superhydrophobic

a

was ch xample surface functionalization to explore the geometric design principles for

underwater s drophobic surfaces. Other alternative biocompatible surface modifications can

also be applied to make NWs superhydrophobic, for example, the grafting of polydimethylsiloxane

(PDMS) chss (31,
Contact Aurements: Contact angle measurements were performed with a Ramé-Hart 200-

F1 contrniometer using the sessile drop method. DI water and hexadecane, (purchased
from Fi jemtific) were used as probe liquids. Advancing and receding contact angles were
obtaine measuring the angle while the liquid was slowly added to or removed from a ~3 pL

droplet in conta;s\A/ith the sample and a micrometer syringe. At least five measurements were

perform{ple, and the standard error is £0.1°.
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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. 40% of the total volume was

t

D

replaced with fresh culture solution every week. 1 gram of biomass (i.e., algae biofilm) was weighted
through a alance with a resolution of 0.0001 gram and was introduced to a medium size

petri dith [Hiameter: 100 mm) with 50 ml of seawater and F/2 (purchased from Amazon.com)

§

mixture. Samples were cut into the same size (25 mmx15 mm) before fabrication and submerged

into the al

C

re environment after being coated with different NWs. The bench culture in petri

dishes wasgkepll in lloom temperature (20 °C) with a lighting for half-day on. 40% of the total volume

$

(20 ml) w e in each petri dish culture with fresh culture solution every 5 days. The

U

hydrostati e on the testing samples were kept at ~100 Pa.

Algae Cov a Fraction Measurement: The area fraction was quantified with microscopic

images on [the les through ImagelJ analysis. The microscopic images were taken over at least 3

dll

differe

n each of the sample surfaces. The images were converted to 8-bit gray images

and analyzed Imagel to obtain area coverage fraction. In supporting information, we show

M

three microscopic images (Figure S10a) at different measurement spots on the hydrophilic NW

sample aft@f 20 days of fouling. In addition, in Figure S10b, we show the Imagel analysis process on

[

one of the pic images.

O

Optical Dengsij surements: All samples were submerged in the algae culture solution for 20 days

h

and ri water (0.8 M NaCl) to remove unattached algae. Then the samples were

|

submerged®in dimethyl sulfoxide (DMSO from Sigma Aldrich) for 15 min to remove the chlorophyll in

the algae, which wibuld interference the signal of the Trypan blue. After removing the chlorophyll,

U

the sampl gently rinsed by saltwater again and stained with Trypan blue (from Thermal

A
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Fisher) 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.

{

Fluorescen ope Imaging: The samples were all submerged in the algal culture solution for 5
days, and aken out and placed in sodium chloride (NaCl) solution (0.85%) with gentle
I

stirring forgl5 min to remove the unsettled algae. We used a live/dead baclight bacteria dye kit
(Thermofisfier L70A2) to stain the fouled samples. The mixing ratio of live/dead dye is 1:1, and the

mixing ratio to solution is 3 pl of dye to 1 ml of 0.85% NaCl. The samples were all stained with

SGC

the dye so ngfor 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

Ul

wavelengt 00 nm (green) for total cells and 490/635 nm (red) for dead cells.

1

ICP-MS Measurements: A Zn ion calibration solution was prepared with concentrations of 5 ppb, 10

a

ppb, and 2 e measured concentration matched well with calibrated concentration and fitted

linearly square >0.999. The NW samples, with protection Al,0; ALD overcoats in ~5 nm and

~15 nm ubmerged into 2 ml of DI water for 5 days. The fouling testing environment for each

M

sample was 50 ml.

Supporting @

Supportinglinformation is available from the Wiley Online Library or from the author.
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Figure 1. Sbrication of nanowires with tunable geometries. a, A schematic illustrating the NW

fabricationQ b, SEM images of NWs with different lengths (L) ranging from 0.58 um to 1.53

um fabrica different hydrothermal growth time from 15 min to 105 min. These NWs have

similar int!-NW spacing as ~0.05 um. ¢, SEM images of NWs with different inter-NW spacing (S)
ranginng to 11.37 um. These NWs have similar NW length as ~1.50 um. The inter-NW

spacing w ated by changing the number of ALD TiO, cycles from O cycle to 7 cycles. d,

Branched S Wi f varying spacing between the base NWs.

This article is protected by copyright. All rights reserved.

23



WILEY-VCH

15-min 30-min 45-min 60-min 75-min 105-min
L=058um L=0.92um L=112um [=119um L=138pum L[=1.53pum

MICHIGAN MICHIGAN MICHIGAN MICHIGAN MICHIGAN MICHIGAN
ENGINEERING ENGINEERING ENGINEERING ENGINEERING ENGINEERING ENGINFERING
UNIVERSITY OF MICHIGAN UN/VERSITY OF MICHIGAN UN T M IGAN UN W MICFH AN HIGAN UN JIGAN

20 mm

o
(2]

100 ~ 100
—_ 80+ —~. 80+
< X
D
% 60 - § 60 +
= 2
= £
& 40 4 @ 40 4
] E ] — NW. 8=043 pm
= o —— NW. $=1.40 ym
204 — NW:L=0.58 um 201 NW: S=11.27 um
—— NW: L =1.38pum ) —— BNW: S=0.43 um
0. —— NW: L =153 um - —— BNW: S=1.40 um
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength {nm) Wavelength (nm)

Figure cal characterization on the different nanowire surfaces fabricated on glass. a, Optical

image demonstrating the transparency of the fabricated NW surfaces. b, Transmittance of NWs with
different Ihd similar inter-NW spacing (~0.05 um). c, Transmittance of NWs with different

inter-NW @ d branching and similar NW length (~1.50 um).
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Figure 3. gle measurement on hydrophobic NWs. a, Schematics illustrating Cassie-Baxter

and Wenzél's b, Contact angle and contact angle hysteresis measurements on unsilanized and

d

silanized NWs with different lengths. ¢, Contact angle and contact angle hysteresis measurements on
unsilanized an nized NWs with different inter NW spacings. Error bars were obtained from at

least 5 i measurements.
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Figure 4. Mlgae fouling on different hydrophilic nanowire surfaces. a, Optical microscopy

images co

m ydrophilic 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 um) in the Wenzel

state f& Algae coverage area fraction on BNWs in the Wenzel state for 50 days. d, Algae

coverag

{

ion on NWs with different inter-NW spacings and similar length (~1.50 um) in the

Wenzel state for 5@ days. Errors bars were obtained from at least 3 independent measurements.
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Figure ive settlement mechanism for fouling reduction on hydrophilic NWs. a, Cross-

tr

sectional SEM images of NWs with different spacing after 2-day fouling. b, Schematic illustrating the

Ul

spatial variation iggfouling rate along the surface of NWs with different spacings. ¢, The algal fouling
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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 3 independent measurements.

b
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Figure 6. ical biocidal effect of hydrophilic NWs. a, Fluorescent microscopic images of NWs
with differe -NW spacing after submerging in marine algae culture solution for 5 days. b, Dead

cell perce&ge as a function of substrate geometry.
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Figure 7. Marine algae fouling coverage on superhydrophobic nanowires surfaces. a, Optical
microscopy i es for planar and NW surfaces after 20 days of algae fouling. b, Algae coverage area
fraction or@vsity NWs as a function of NW length for 60 days. The inter-NW spacing of these
NWs wzﬂ ¢, 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 um) for 80 days. The immersion

depth forjles was 10 mm. Errors bars were obtained from at least 3 independent

measurem

<

This article is protected by copyright. All rights reserved.

30



WILEY-VCH

{

NW @ BNW

N
(%2}

N
N

S=140pm

N
o

(7 _A |
ion (day)
S

S=043 pm

-
o
1

151

1 AN A
rophobic Duratio

™S A1
Mc Superhyd
431

—
(=
Lol
I
—_—y
9%}
=5}
=
3

=
No Vaporization Regime

—
N
L

b [=058um

J ®

Superhydrophobic Duration (day) ©
Water Vaporization Regime

L}

. . . : 10— : . .
0 0.5 1.0 1.5 x10° 00 05 10 15
Air Layer Volume (m?3) NW Spacing (um)

Figure ropobic duration for NWs in the Cassie-Baxter state. a, Superhydrophobicity
duration of faces 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 foulig conditions.

[

tho

Table o ntry

Core-shell nanowité architectures with tunable geometries (length, spacing, branching) and surface

U

chemistry n to significantly delay marine biofouling. The fouling reduction mechanism is

mainly due effects: reduced effective settlement area and mechanical cell penetration. We

A
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envision that the insights gained from the work can be used to systematically design surfaces that

reduce marine biofouling in various industrial settings.

T

Keywords:Marine fouling, Superhydrophobic, Atomic layer deposition, Wetting
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