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Through a refined fabrication protocol based on block-copolymer self-assembly we synthesize nanos-
tructured surfaces with conical nanopillars of different height (60, 120, and 200 nm) in hexagonal arrays
with uniform spacing (~50 nm) over large areas (> cm?). While the nanostructured surfaces fabricated
on silicon substrates display superhydrophilic behavior, superhydrophobic properties are attained by
coating with octadecyltrichlorosilane (OTS). Negative zeta potentials for all the studied surfaces are
reported by electrokinetic flow measurements with aqueous KCl solutions at different concentrations
(1 and 10 mM) and pH values between 4 and 8. While the surface nanostructure reduces the zeta poten-
tial magnitude, the hydrophobic OTS coating enhances it. Experimental results can be accounted for by a
site-dissociation model for the surface charge density. The reported wetting properties and zeta poten-
tial tunability makes the studied surfaces particularly relevant for applications such as energy conversion
and storage, membrane-based water treatment and molecular separation.
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1. Introduction

Nanostructured surfaces with novel and enhanced function-
alities have been proposed for a wide spectrum of applications
ranging from energy conversion and storage to membrane-based
separation processes and catalysis [1-7]. This class of functional
nanomaterials are expected to play a major role in the development
of new technologies for moving toward sustainable production of
energy and water in the coming decade [8-11]. Nanostructured sur-
faces with superhydrophilic or superhydrophobic properties have
been extensively studied for (bio)fouling prevention, antifogging,
and anti-icing [12-14], which are critical properties to improve
performance, reduce energy consumption and operational costs
of engineering systems based on membranes, electrodes, or cata-
lyst surfaces. In particular, superhydrophobic surfaces with conical
nanostructures with dimensions of the order of 10 nm and coated
with octadecyltrichlorosilane (OTS) can produce large hydrody-
namic slippage and repel water infiltration at very high hydrostatic
pressures (e.g., up to 20 bar) [15], which makes them especially
suitable for diverse separation and filtration processes where sig-
nificant pressure heads need to be applied.
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Transport processes in membranes and porous media are not
only affected by surface wettability and hydrodynamic friction but
also the development of surface charge and an electric double layer
(EDL). Key phenomena such as selective transport, permeation, and
adsorption of ions, nanoparticles, or microorganisms are governed
by electrostatic and hydrodynamic effects within the EDL that are
typically characterized by the surface zeta potential, its sign, magni-
tude, and variation with ionic concentration and pH [16-18]. While
the surface charge and zeta potential of hydrophilic surfaces is fairly
well understood and characterized [19-23], the mechanisms for
surface charge formation and their interactions with hydrodynamic
slip remain under active study for the case of hydrophobic inter-
faces [24-27]. To the best of our knowledge, this work is able to
produce the first direct measurements of streaming potentials and
zeta potentials for superhydrophobic nanostructured surfaces with
large contact angles ( >150°) large hydrodynamic slip length ( ~
40 nm) owing to the synthesis of precise nanoscale structures over
large area substrates.

The ability to fabricate large-area nanostructured surfaces with
controllable and regular physical features is crucial for the devel-
opment of future technical applications. Over the last two decades,
microphase separation of block copolymers (BCPs) has been lever-
aged for nanofabrication techniques for large area substrates
[28-31]. In this work, we follow the method based on BCP self-
assembly reported in previous work [32] and refine the protocol
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in order to significantly reduce the fabrication time and prevent
defects on slender structural features taller than ~ 100 nm. We
thus synthesize highly regular conical nanopillars with a fixed
base radius and different heights over surface areas of the order
of several square centimeters. The large-area nanostructured sur-
faces fabricated on silicon have a native oxide film and, in some
cases, are passivated with OTS coating, which produces wetting
behaviors ranging from superhydrophilic to superhydrophobic.
The fabricated surfaces are suitable for conventional experimen-
tal techniques for determining zeta potentials via measurement of
streaming potentials or streaming currents in electrokinetic flow
through macroscale slit channels. Characterization of zeta poten-
tials for the fabricated nanostructured surfaces are performed at
pH 4 to 8 for aqueous electrolyte solutions of potassium chloride
(KCI) with concentrations of 1 and 10 mM. The results and analysis
provide useful guidelines for the future development of functional
nanostructured materials for membrane-based filtration, energy
conversion and storage, and selective adsorption and adhesion of
ions, nanoparticles, or biomolecules.

2. Materials and methods

The fabrication process based on BCP self assembly and plasma
etching is illustrated in Fig. 1, the protocol employed in this work
is a refined version of the one previously reported in Ref. [32]. The
refined protocol significantly reduces the overall fabrication time
by increasing the temperature in the thermal annealing steps. An
additional etch step is included in order to synthesize tall and sharp
conical nanopillars with heights larger than > 180 nm.

Silicon wafers (type N, dopant P, orientation (100), University
Wafer Inc.) are employed as substrates. The silicon substrates are
first grafted (Fig. 1a) by spin-coating at 1500 rpm for 30 s a 1 wt%
solution of PS-r-PMMA-OH random polymer brushes (molecular
weight, M, ~ 9.2 kg/mol, PS:PMMA = 61:39) in propylene glycol
monomethyl ether acetate (PGMEA). Thermal annealing is then
performed at 250 °C for 5 min, instead of 4 h at 200 °C as previ-
ously reported in Ref. [32]. Ungrafted polymer chains are removed
by spin casting PGMEA at 3000 rpm for 30 s. The grafted silicon
substrates induce the PMMA microdomains to orient perpendicu-
lar to the surface when the coating BCP films undergo microphase
separation, which is crucial for the formation of a self-assembled
pattern [31,38].

The employed BCP is polystyrene-block-methyl methacrylate
(PS-b-PMMA) from Polymer Source. Inc. with molecular weights
M,, = 99 kg/mol (PS:PMMA = 64:35, polydispersity PD=1.09). The
PS-b-PMMA is mixed (1 wt%) in pure toluene and the solution
is spin cast on the silicon wafer (Fig. 1a) at 2000 rpm for 30 s.
Ordered PS and PMMA microdomains with cylindrical morphol-
ogy self assemble in a nearly hexagonal lattice with spacing d ~ 50
nm (Fig. 1a and b) after performing thermal annealing at 250 °C
for 20 min with nitrogen gas purging. The thermal annealing step
described above requires significantly less time than the 12 h at
200 °Creported in Ref. [32].

A mask for subsequent reactive ion etching was formed by
replication of the PMMA domain pattern in Al,0s3, as described
previously [32]. The substrate with the self-assembled BCP film is
placed in an atomic-layer-deposition (ALD) chamber (Cambridge
Nanotech Savannah S100) and subject to four sequential exposures
to trimethylaluminum (TMA) for 100 s at 300 Torr, and water vapor
for 100 s at 10 Torr and at a constant temperature of 85 °C (Fig. 1b).
We employ four TMA deposition cycles, instead of the three cycles
reported in Ref. [32], in order to increases the final thickness of the
deposited aluminum oxide mask. Only the PMMA microdomains
are transformed to aluminum oxide owing to the selective adsorp-
tion of the organoaluminium compound by PMMA. Etching with

oxygen plasma (March Plasma CS1701) at 20 W radio frequency
(RF) power and 0.1 Torr is then performed for 300 s, which removes
most of the organic materials and leaves aluminum oxide (Fig. 1b).

After the oxygen plasma etching, the silicon substrate with the
deposited aluminum oxide mask (see SEM image in Fig. 1b) is
placed in an Inductively Coupled Plasma (ICP) reactive ion etch-
ing system (Oxford Instrument Plasma Lab 100), which provides
the ability to etch highly anisotropic features. An initial “break-
through” step (Fig. 1c) is performed for 20 s (i.e., for twice as long
as reported in Ref [32]) using BCl3:Cl; at a gas flow ratio 20:5 stan-
dard cubic centimeter per minute (sccm)with 100 W RF power, 0.01
Torr pressure, 800 W ICP power to etch through the aluminum and
silicon oxides at the wafer surface in order to produce textures of
uniform height. After this step, HBr, Cl,, and O, gases at 50:50:10
sccm ratio were employed at 100 W RF power, 0.01 Torr, and 250
W ICP power at room temperature (Fig. 1c) for 27, 60, and 120 s
to obtain conical pillars of heights h=60, 120, and 200 nm, respec-
tively. After an additional 4 s breakthrough time, a brief additional
etching step using BCl3:Cl, (20:5 sccm) was performed for 12 s in
order to remove aluminum oxide that is redeposited in significant
amount during the HBr:Cl,:0, etching step and prevents further
etching of tall conical nanostructures h ~ 200 nm. The remaining
aluminum oxide mask is finally removed by dipping the samples in
buffered (50:1) hydrofluoric (HF) acid solution for 50 s (Fig. 1c).

Some of the fabricated silicon surfaces are rendered super-
hydrophobic, as described in Ref. [32], by applying a monolayer
of octadecyltrichlorosilane (OTS). These samples are first treated
with piranha solution HySO4:H,0,=2:1 (volume ratio) and then
immersion in a solution of OTS (Gelest inc.) and hexadecane
(Sigma-Aldrich) for 1 h. Coating the surfaces with OTS prevents
the slow formation of a thin silicon dioxide film when the samples
are in contact with ambient oxygen and moisture or water at room
temperature [33].

3. Results and discussion

The basic morphology of the synthesized nanostructures was
studied via scanning electron microscopy (SEM) using a field emis-
sion microscope (Hitachi S-4800) operating at 10 kV. Well defined
conical nanopillars of different height (Fig. 2a) are arranged in
a nearly hexagonal lattice with a regular spacing d = 52 + 4 nm,
which corresponds well with the dimensions of etched masked
produced by BCP self assembly (Fig. 1b). The SEM images (Fig. 2a)
show a uniform nanopillar height h ~ 60, 120, and 200 nm pro-
duced with different etching times. The average nanopillar radius
measured from SEM images is r; ~7-8 nm at the tip and r, ~12-20
nm at the base (Fig. 2a). The measured tip radius and lattice spac-
ing give the area fraction ¢ ~ (27‘[/\/§)(Tt/d)2 ~0.07-0.09 for direct
contact between the wetting liquid and the top of the cones. A geo-
metric parameter relevant to electroosmotic flow on hydrophilic
surfaces is the full area ratio A = A(h)/Ao of the full wetted area
(per unit cell) A(h) = 37(ry, + 1t)\/h2 + (rb — 1t)* + Ag — 3nrZ to the
projected area Ag = (3+/3/2)d?, which varies from 2.4 to 7.1 for the
studied surfaces (see Fig. 2a).

Surface wettability. In order to characterize the wetting behav-
ior of the synthesized surfaces, the advancing and receding contact
angles 64 and Og, respectively, were measured with an opti-
cal goniometer (DataPhysics OCA 15EC) using the sessile drop
(needle-in) method with a water droplet of volume 3-4 uL and
adding/withdrawing rates of 0.2 wL/s. The results reported in Fig. 2b
reveal superhydrophilic behavior with very low advancing and
receding contact angles 84 ~ 0 < 10° and negligible static hystere-
sis for the nanostructured silicon surfaces that were not passivated
with OTS coating and form a thin (<1 nm) native oxide film while
in contact with air at room temperature for up to 7 days [33]. It
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Fig. 1. Nanofabrication protocol based on BCP self-assembly. (a) BCP film coating and self-assembly on Si substrates. (b) TMA deposition and oxygen plasma etching. (c)
Reactive ion etching and mask removal. SEM images (b-c) show the formation of conical nanostructures of height h ~ 200 nm arranged in a nearly hexagonal lattice with

average spacing d ~ 50 nm.

is worth noticing that the observed superhydrophilic behavior of
the nanostructured silicon surfaces was not retained for the sam-
ples were in contact with aqueous electrolyte solutions for over
48 h. On the other hand, nanostructured surfaces treated with
OTS exhibit robust superhydrophobic properties with very high
advancing and contact angles (04 >~ 6g > 150°) and very low static
hysteresis (g — 64 < 5°). The same superhydrophobic behavior and
static contact angles were observed both before and after the sam-
ples were put in contact with aqueous electrolyte solutions for 5 to
7 days.

Previous experimental measurements using atomic force
microscopy (AFM) [34] reported slip lengths b = 4 £+ 2 nm for flat
surfaces coated with a hydrophobic OTS film and large slip lengths
b = 44 4+ 4 nm for the fabricated superhydrophobic OTS surfaces
with conical nanopillars. The experimentally measured slip lengths
are closely predicted by analytical expressions [35,36] derived by
assuming perfect slip over the surface area fraction ¢ = 7-9% where
the wetting liquid is in contact with the nanoscale vapor film
trapped between surface features.

Zeta potential measurements. Zeta potential measurements for
the fabricated surfaces were performed using the conventional
streaming potential method [16] with an electrokinetic analyzer
(Anton Paar SurPASS 3). In order to perform the electrokinetic flow

measurements (Fig. 3a) two identical samples of each studied sur-
face were cut precisely into rectangles of length L =2 cm and width
W=1cm, and fit tightly in the measurement flow cell, which con-
sists of a slit channel with adjustable height H = 105 + 5 pm across
which the pressure head Ap, voltage difference AV, and electrical
resistance R are measured. Deionized (DI) water (LabChem) with
very low conductivity (0.056 wS/cm) was used to prepare aqueous
electrolyte solutions of KCl at 1 mM and 10 mM concentrations.
The pH of the electrolyte solution is automatically controlled dur-
ing the experiments via titration with a base (50 mM NaOH) and
acid (50 mM HCl) solution. A volume of 100 mL of the KCl solu-
tion is flowed through the measurement cell with pressure heads
Ap (0.2 to 0.6 bar). The pressure head is very slowly decreased
over time (Fig. 3b), which ensures the observation of a linear rela-
tion between the measured streaming voltage and applied pressure
(Fig. 3c) for AV — 0. Under such linear response conditions, for
which AV = (dV/dp) x Ap, the zeta potential is given by

_av nw

g_EXS(ﬁRXK’ M

where >~ 0.001 Pa s is the viscosity of the aqueous electrolyte
solution, &9 and ep are the vacuum and relative permittivity,
respectively, and « = (1/R) x (L/WH) is the electrical conductivity
measured across the flow cell.
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Fig. 2. Surface morphology and wetting properties of the fabricated nanostructured surfaces. (a) SEM images with measured height h, base radius r,, tip radius r;, and
the calculated area ratio A. (b) Advancing contact angle 8, and receding contact angle 6 for flat and nanostructured surfaces with SiO, native films or OTS coatings. The
nanostructured surfaces show macroscopic wetting properties ranging from superhydrophilic to superhydrophobic.
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Fig. 3. Experimental configuration for zeta potential determination via streaming potential measurements. (a) Illustration of the test section of the electrokinetic analyzer
(Anton Paar SurPASS 3) with the fabricated surface samples conforming a slit channel (L=2cm, W=1cm, H=105+5 um). (b) Measured pressure head vs. time for a flat and
nanostructured SiO, surface at pH 7.5 and 1 mM KCl as 100 mL of electrolyte solution flow through the test section illustrated in (a). (c) Measured voltage difference vs.
pressure head for the conditions reported in panel (b). The voltage slope in the linear region where AV/Ap ~ const is employed to determine the zeta potential using Eq. (1).

The zeta potentials experimentally determined according to Eq.
(1) are reported in Fig. 4 for the case of flat surfaces (i.e., with-
out synthetic nanostructures) and the fabricated nanostructured
surfaces described in Fig. 2, with and without hydrophobic OTS
coating. The data reported for each studied surface correspond to
four or five independent experiments repeated over a period of 2
to 5 days under controlled temperature conditions (T = 25 + 3°C)
at pH values between 4 and 8. To improve the reproducibility of
the experimental conditions, the studied samples underwent four
to seven rinse cycles with the employed electrolyte solution at
each pH value prior to performing a single zeta potential measure-
ment. The measurement cell was rinsed with 1 L of DI water after
completing each experiment.

Both hydrophilic and hydrophobic surfaces with and without
nanostructures reported negative zeta potential values with their
magnitudes increasing with pH and with isoelectric points esti-
mated at pH values between 2 and 3. The flat hydrophilic surfaces
with a native SiO, film produced zeta potentials reaching about -
100 mV for 1 mM KClI (Fig. 4a) and —60 mV for 10 mM KClI (Fig. 4b)
at pH 8, which is in close agreement with data reported by previ-
ous experimental studies [19-21]. The SiO, surfaces textured with
nanocones of different height ranging from 60 to 200 nm exhibited
similar zeta potentials within the range —20 to —50 mV for both 1
mM and 10 mM KCI (cf. Fig. 4a and b), which reveals that the fabri-
cated nanostructures weaken the dependence of the zeta potential
on the electrolyte concentration. The hydrophobic flat OTS surface
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Fig. 4. Zeta potentials experimentally determined and analytical estimates for different pH and electrolyte concentrations 1 and 10 mM KCl. (a-b)
Hydrophilic/superhydrophilic surfaces with a native SiO, film. The Dukhin number defined for nanostructure hydrophilic surfaces (see text) is reported on the right vertical
axes. (c-d) Hydrophobic/superhydrophobic surfaces with OTS coating. The slip length is b = 4 nm for the flat OTS surfaces and b = 44 nm for the nanostructured OTS surfaces.
Markers indicate experimental results for the case of flat substrates and surfaces with conical nanostructures of different height h (see legend). Solid lines are predictions
from Eq. 4 valid for Du — 0 and dashed lines are predictions from Eq. 5 valid for Du — oo with A = 2.4,4.2, and 7.1 (see Fig. 2a).

produced the strongest zeta potentials, reaching —120 mV for 1
mM KCl (cf. Fig. 4c) and —80 mV for 10 mM KCI (cf. Fig. 4d) at pH 8,
which is consistent with previous experimental measurements by a
similar approach [37]. For both cases of surfaces with a native SiO,
and coated OTS film the basic effect of the nanostructure was to
reduce notably the zeta potential at the lowest studied electrolyte
concentration (1 mM), for which the Debye length is about 10 nm
and becomes comparable to the period between surface features.
Despite the reductive effect of the surface nanostructure, the stud-
ied superhydrophobic surfaces attained significant zeta potentials
(—20to —80 mV)that are comparable to those of the flat hydrophilic
surfaces.

Analytical predictions. The zeta potential measurements from
our experiments are reasonably well accounted for by analytical
predictions reported in Fig. 4 that are based on the interfacial con-
figurations illustrated in Fig. 5a-b and a site-dissociation model
relating the surface charge density o and surface potential . For
all studied cases a constant specific capacitance Cs determines the
diffuse-layer potential ¥, = ¥, — 0/Cs at the interface between the
Stern and diffuse layers of the EDL (Fig. 5a and b). The employed
site-dissociation model [38] assumes that the proton (H™) or hydro-
nium (H30%), and hydroxide (OH~) are the potential-determining
cation and anion, for which the corresponding logarithmic dissoci-
ation constants are pK, and pK _, respectively. The surface charge
model thus considers roughly the dissociation of silicon dioxide and
silanol [39,40] for the studied hydrophilic surfaces (Fig. 5a) and the
dissociation and selective adsorption of hydroxide and hydronium
ions [41,42] in the case of superhydrophobic surfaces (Fig. 5b).

The charge density and surface electrostatic potential satisfy the
relation [38]

(PHo—pK_) i _
o= el 10'PHo x 2 sinh[e({ny — V0)/kpT] 2)
14 10PH0=PK-) o 2 coshle(Yy — Vo) /ksT]

where e is the elementary charge, I' is the total number of disso-
ciation sites per unit area, pHg = (pK, + pK_)/2 is the pH value

for the isoelectric point, and ¥y = —2.303(kgT/e)(pH — pHy) is the
Nernst potential (kg is the Boltzmann constant). Further assuming
the total charge in the diffuse EDL neutralizes the surface charge
(i.e., electroneutrality), the diffuse-layer potential must satisfy the
Grahame equation

O'EZD > (3)

kBT .
=2—arcsinh | ————
Va e (2808Rk3T

where £p = \/&06rkpT/2e2cNy is the Debye length determined by
the electrolyte concentration c in molar (N, is Avogadro’s number).

Solving the nonlinear system formed by Eqs. (2)-(3) gives the sur-
face charge density and diffuse-layer potential, which is required
to determine analytically the zeta potential.

Analytical solution of the nonlinear Poisson-Boltzmann equa-
tion for a slit channel of height H > {p, width W > H,
and length L» H gives the electrostatic potential Y(y)=
4arctanh[tanh(ev,/4ksT)exp(y/¢p — H/2¢p)] where y is the coor-
dinate along the direction normal to the surface; this expression
assumes (0) = 0 and is only valid for H > 5¢p. Assuming steady

electroomostic flow u(y) = (€0erAV/uL) x |:1/f — Yy + b%(H/z)}

with a constant liquid viscosity @ and slip length b, the zeta poten-
tial is

nL 2 H/2 o
C=—texAV * H /o uyy =q+b——. (4)

in the case of flat slit channel of height H » ¢p, given that

(2/H) :/2 Y(y)dy = O(£p/H). For the case of hydrophilic surfaces

with nanoscale structure or random roughness (Fig. 5a) the zeta
potential

. 4
&= M(Du) ()

is determined by a shape factor A > 1, which for a given topog-
raphy is a function of the Dukhin number [43] Du ~ (4¢p/d)(1 +
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Fig. 5. Interfacial configurations, site-dissociation model, and surface charge density. (a) Hydrophilic surfaces (SiO,) are assumed to have the illustrated flat or “rough”
interfacial configurations with charged sites at the water-oxide interface. (b) Hydrophobic surfaces (OTS) are assumed to have two flat interfacial configurations with
preferential OH- dissociation and adsorption within the diffuse interfacial region between the vapor and water phases. (c) Model parameters for analytical estimates
reported in Fig. 4 for the cases of SiO, surfaces and OTS surfaces in flat and nanostructured configuration. (d) Surface charge densities predicted by Egs. (2)-(3) for electrolyte

concentrations 1 and 10 mM KCl.

m)sinhz(e§/4kBT) where m = ZaoaR(kBT/e)z/,uD ~ 0.6 is the ratio
of ionic electro-convection to diffusion for a potassium cation with
diffusivity D = 1.6 x 10~ m2/s. There are two asymptotes for the
shapefactorinEq.(5): A = 1forDu — 0[44];and A = A forDu — oo
with the area ratio A = A(h)/Ap reported in Fig. 2a; which corre-
sponds to the case of extremely large surface conductivity with
the resulting electroosmotic flow suppression [45]. In the thin EDL
limit £p/d — 0 (d < h), analytical solution of the 3D Laplace equa-
tion for the electrostatic potential [46,47] predicts that the electric
field magnitude increases/decreases periodically at the nanostruc-
ture apex/base. Despite this effect, for Du — 0 the zeta potential
for nanostructured surfaces in a slit channel is ¢* ~ ¢ and can be
predicted by Eq. (4), which is a property known as similitude of
electroosmotic flows [44,48]. Indeed, experimental measurements
for Du < 1 and for both flat and nanostructured SiO, (see Fig. 4a-
b) report similar zeta potentials that agree closely with analytical
estimates from Eq. (4). Predictions from Eq. (5) with A = A seem
to bound the measurements for nanostructured SiO, surfaces as
Du — oo (Fig. 4a-b).

The analytical fits based on Egs. (2)-(5) assume the inter-
facial configurations illustrated in Fig. 5a-b for hydrophilic and
hydrophobic surfaces and employ the model parameters reported
in Fig. 5¢ for the case of SiO, and OTS surfaces. While the model
parameters employed for hydrophilic SiO, surfaces are consistent
with values reported in the literature [39,40], for hydrophobic
and OTS surfaces only the isoelectric point at pHy~ 2.5 has been
reported previously [37,49,41]. For the hydrophobic OTS surfaces
(cf. Fig. 5b) the chosen dissociation constant pK_ = 2pH, corre-
sponds to neglecting the contribution of hydronium cations to
the surface charge, which is valid for the studied basic pHs [41],

and the dissociation-site density is determined as I" = dféo where
dp,0 = 0.35 nm corresponds to the effective diameter of a water
molecule. The Stern capacitance dominates the zeta potential slope
|d¢/dpH| o Cs, the low values required for analytical fits for the
hydrophobic surfaces (cf. Fig. 5b-c) seem to indicate the presence
of a Stern layer with the low permittivity of water vapor (&, ~ 1)
and a thickness of 0.3 nm for the flat surfaces and about 2.5 nm
for the nanostructured surfaces. Analytical predictions from Eq. (5)
with A < A cannot account for the experimental results for super-
hydrophobic nanostructured surfaces, which is consistent with the
assumption of a nearly flat water-vapor interface for such surfaces.

4. Conclusions and outlook

This work contributes to better understanding and predicting
the surface charge and zeta potential of large-area nanostructured
surfaces with superhydrophilic and superhydrophobic properties
that can be particularly suitable for the fabrication of more effi-
cient separation micro/nanofluidic devices, filtration membranes,
or high-performance electrodes. A key finding is that for large
surface conductivities and Du « (£p/d) x £2 > 1 the synthesized
nanostructures can substantially reduce the zeta potential magni-
tude and its dependence on the pH and electrolyte concentration.
This is observed for the case of low electrolyte concentrations
(< 1 mM) for which the Debye layer thickness is comparable
to the nanoscale feature period. The zeta potentials for flat and
nanostructure surfaces are similar in the case of large electrolyte
concentrations ( > 10 mM) for which the Debye layer becomes
smaller than the synthesized surface features and Du « 1 is very
small, which is found to be consistent with the so-called similitude
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of electroosmotic flows with arbitrary geometry [44,48]. While the
surface charge densities estimated for hydrophobic surfaces are
much lower than estimated for the hydrophilic surfaces, the zeta
potential magnitude of the hydrophobic surfacesis generally higher
due to the presence of significant hydrodynamic slip, as predicted
theoretically in previous works [24,50].

Our experimental results and analysis report the formation of
significant negative surface charge on hydrophobic surfaces for pH
>3, which corroborates recent experimental studies by vibrational
spectroscopy [41] and AFM [25,26,34]. Zeta potential measure-
ments for flat and nanostructured OTS surfaces with nanoscale
features of different height are accounted for by assuming a nearly
flat interface and employing a much smaller capacitance than
reported for hydrophilic SiO, surfaces. The smaller capacitance
for the hydrophobic OTS surfaces can be attributed to a much
smaller electrical permittivity in regions with net charge density
that develop at hydrophobic water-vapor interfaces that are diffuse
in nature [51,52].

The EDL model adopted in this work assumes a 1:1 symmetric
electrolyte and no net charge present in the Stern layer having a sin-
gle specific capacitance. Alternative models considering specifically
adsorbed ions in the inner Stern layer with multiple specific capac-
itances [53,54], and/or considering the orientational order of water
molecules and asymmetric ionic sizes [55,56] could be adopted,
which will likely lead to a different parametrization than reported
in this work (see Fig. 5c)). The simple EDL model and parame-
ters employed in this work give reasonably good agreement with
experimental measurements for a wide range of pH values (3 to
9) and electrolyte concentrations (1 to 10 mM) and can be thus
applied to estimate the surface charge and zeta potential of the fab-
ricated nanostructured surfaces under conditions that maximize
their potential impact on technical applications. For example, for
the fabricated superhydrophobic surface with nanocones of height
h =120 nm and a slit or pore height of H = 250 nm the hydrody-
namic conductivity is twice as large as expected for conventional
hydrophilic surfaces, which would reduce by 50% the pressure head
and mechanical input power required to sustain the same flow rate
through the system. For the same nanostructured surface and slit
or pore geometry at an electrolyte concentration of 0.01 mM, the
zeta potentials predicted analytically are less than 5% different from
those reported in the present experiments. Under such conditions
and for seawater with pH 7.5 to 8.5, maximum efficiencies between
40% and 55% are predicted for conversion of mechanical energy
input into electrical power and between 30% to 40% for pump-
ing fluid flow through applied voltage differences. The predicted
performances of the fabricated nanostructured surfaces and the
feasibility of their fabrication over large areas can lead to the devel-
opment of much more efficient systems for molecular separations,
energy conversion, or electroosmotic pumping and propulsion.

Data availability

Raw and processed experimental data reported in this work are
available upon request to the corresponding author.
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