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W
hen water is in contact with air in
standard conditions, oxygen and
nitrogen are dissolved in concen-

trations of 0.2 mM and 0.5 mM, respectively.
It has been shown in the past that reducing
the concentration of the dissolved gases
may affect several interfacial properties. De-
spite of the fact that oil andwater do notmix,
spontaneous emulsification of hydrocarbons
occurs after water degassing.1�3 Colloids
stability,4 the range of the hydrophobic
interaction,5 the conductivity of salt solu-
tions,6 the efficiency of flotation process,7

and the slippage boundary conditions in
flowingwater8 are all affected by the amount
of gas in solution.
An extensive body of research has been

devoted to the study of most of these
problems. Particularly, the description of
the intimate contact between water and
hydrophobic surfaces has been the subject
of controversial debates for the past few
decades, probably due to its central role in
many natural phenomena and technologi-
cal applications. It has been suggested than
a region of reduced density may be present
at the interface between water and hydro-
phobic surfaces, although the nature of this
depleted layer remains controversial. A
number of scanning probe microscopy
studies reporting the presence of soft nano-
metric objects near hydrophobic surfaces in
water have been published9�13 after their
existence was suggested 15 years ago.14

Indeed, some reports of the nucleation of
micrometric-size bubbles on hydrophobic
surfaces were published long before.15

However, no explanation for the very ex-
istence of long-lasting nanobubbles that
considers the large Laplace pressure inside
themhas been advanced. Some researchers
have even suggested that the observed
nanobubbles in scanning probe experi-
ments are a consequence of confinement

effects or tip�substrate interaction.16,17 On
the contrary, a detailed X-ray reflectivity
study on hydrophobic substrates, while
supporting the existence of a depleted
water layer by the interface, argued against
the existence of micro- or nanobubbles.18

Independent reflectivity experiments have
also evidenced the presence of a layer of
reduced water density near hydrophobic
surfaces with an extension determined by
the concentration of dissolved gases.19�22

However, some ellipsometric23 and neutron
reflectivity studies24 failed to observed the
existence of a water depletion gap. Despite
of the long list of seemingly contradictory
results, consensus is slowly emerging
around the idea that a boundary layer of
reduced density is indeed present when
water is nearby a hydrophobic surface,
although its nature is yet to be firmly
established.25,26

In this work we explore the effect of
dissolved gases in the interface between
water solutions and several hydrophobic
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ABSTRACT When hydrophobic surfaces are in contact with water in ambient conditions a layer

of reduced density is present at the interface, preventing the intimate contact between the two

phases. Reducing the extent of this layer by degassing the water can have remarkable implications

for the interaction between the two phases. The enhanced proximity between a hydrophobic

polymer film and an aqueous solution can induce a self-assembled nanostructure on the solid surface

through the development of an electro-hydrodynamic instability, due to the adsorption of the

water�ions (hydronium and hydroxyl) at the interface. The self-assembled structure spontaneously

relaxes back to the original flat morphology after few weeks at room temperature. This instability

and the self-assembled structure are controlled by the hydrophobic surface charge, which is

determined by the pH of the aqueous phase, and by the amount of gas dissolved. This effect can be

easily adjusted to modify different hydrophobic polymeric substrates at the submicrometer level,

opening pathways for producing controlled patterns at the nanoscale in a single simple waterborne

step.

KEYWORDS: nanopatterning . polymer materials . thin films . water/polymer
interface
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polymers. In particular, we report how this interface is
modified by the degassing of the aqueous phase,
showing the influence of dissolved gases and ions
present in the water on the interaction between water
and a hydrophobic surface. Previously published re-
sults have evidenced how the morphology of hydro-
phobic surfaces can be severely modified in the
presence of nanobubbles.27�29 We show here how this
effect depends strongly on the amount of gas dis-
solved in the aqueous phase, andmore importantly on
the nature of the ions dissolved in the water. In
addition, the results described in this paper clearly
evidence the presence of a layer of enhanced mobility
at the outermost surface of glassy polystyrene films
enabling a possible surface reconstruction at tempera-
tures well below the glass transition temperature, Tg; a
controversial and debated topic nowadays.30 Other-
wise, no surface structuration would be possible.

RESULTS AND DISCUSSION

We have used spin coating to produce smooth
300 nm thin films of polystyrene PS of five different
molecular weights above and below the entanglement
length (7, 59, 160, 250, and 500 kDa) on surfaces of
freshly cleaved mica, glass, or polished silanized silicon
wafers. The PS films were then exposed to aqueous
solutions, dried with a gentle flow of nitrogen gas, and
studied by AFM in air. While no noticeable change of
morphology was observed when the films were ex-
posed to an aqueous solution in equilibrium with air,
nanopatterns appeared in the surfaces after few min-
utes of exposure to degassed water solutions, as can be
observed in Figure 1. Similar resultswere obtained for all
the polymers investigated. The characteristic size and
density of the self-assembled nanostructure are mainly
determined by the pH and composition of the aqueous
phase and the temperature. The surface structuration

has no effect on the wettability of the surfaces:
the contact angle of water on the substrate is not
changed by the process. However, the hydropho-
bicity of the surface seems to determine the out-
come of the process: the structuration of the film is
not observed if the polymer surface is rendered hydro-
philic (θ = 30�) before the water treatment by partial
UV-oxidation (5min irradiation under anHg vapor lamp,
UVOCS). This treatment did not significantly change the
thickness or the morphology of the film, as verified by
ellipsometry and AFM. It is known that the UV oxidation
reduces thewater contact angle on the surface by chain
scission and partial oxidation of the PS, but it also
enables cross-linking between polymer chains.31 To
discard the possible effect of reduced PS mobility by
cross-linking, the film was rendered again hydrophobic
by heating it at 70 �C during 10 h under dry conditions
(the water contact angle θ after this treatment was 85�).
This step allowed the reconstruction of the film via

conformational changes or chain diffusion reducing
the interfacial free energy.32 Subsequent exposure to
degassed acid water effectively provoked the structura-
tion of the film. The results of these tests are presented
as Supporting Information.
Two remarkable conclusions can be drawn from this

interesting effect. First, the interaction between the
aqueous phase and the hydrophobic substrate is
fundamentally modified by the gases dissolved which
shelter the hydrophobic substrate from the aqueous
phase. Second, there is a mobile surface layer on the
polymer which can be restructured under external
stimuli, even though we are working at temperatures
largely below the glass transition temperature Tg of PS.
This indicates that macromolecular chains near the
interface have properties which deviate significantly
from their bulk counterparts. Indeed, no structuration
was observed in films of UV cross-linkable PS after UV

Figure 1. Tapping mode AFM micrographs (1 μm � 1 μm height ) taken in air of 300 nm thick, 250 kDa polystyrene films as
prepared (spin-coated) (a); after exposure to a nondegassed (b) and degassed (c) solution of nitric acid in double distilled
water at pH 1.5 and room temperature. A typical height profile for each condition is presented. The presence of asperities of
regular nanometric size is clearly observed on the surface exposed to the degassed solution for 5 min. On the contrary, no
modification was detected when an identical film was exposed to the same solution under identical conditions (or much
longer times) before removing the dissolved gases. XPS tests showed that no chemical modification of the films has occurred
(see Supporting Information). (d) Temporal evolution of bump diameter with immersion time at two different temperatures.
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curing, evidencing the importance of surface mobility.
Recently, by studying the relaxation of nanometric
deformations on films of PS, Fakhraai and Forrest30

showed that the mobility of polymer chains is drama-
tically accelerated nearby the surfaces with respect to
the bulk. Although it is still poorly understood, several
explanations have been advanced for this enhanced
dynamic, related to the reduced entanglement den-
sity, enrichment of chain ends, and increased free
volume for the polymer molecules at the surface.30

As can be observed in Figure 2, the characteristic size
of the observed patterns is modified by the pH of the
degassed water. More important modifications are
observed at high or low pH values. Interestingly,
streaming potential measurements suggest ionic ad-
sorption on the surfaces at the same conditions. In
agreement with previously reported results,33 we ob-
served a strong variation of the zeta potential of the
hydrophobic polymer surfaces with pH. The observed
surface structuration seems to correlate well with the
values of the surface charge density as derived from
the measured zeta potential of the surfaces using the
Grahame equation:34,35 the higher the value of the
surface charge density, the larger is the effect of the
aqueous phase on the structure of the polymer surface.
This striking result seems to be largely independent of
the ionic strength: while the structuring effect of
degassed solutions of sodium chloride, nitrate, or
perchlorate 0.1 M is not much larger than the one of
water at neutral pH, the structure obtained at pH 1.5
was almost independent of the presence of NaNO3 in
solution at concentrations up to 0.2 M (Supporting
Information).

The subsequent evolution of the self-assembled
structure is determined by the environmental condi-
tions. As can be observed in Figure 3, the structure
disappears after the structured surface is annealed at
95 �C for a few hours. Nevertheless, these patterns
reappear if the surface is exposed again to degassed
aqueous solutions. The patterns also relax under sol-
vent annealing: after exposure to toluene vapor for 1 h
most of the structuration is removed. Indeed, the sur-
face of the film slowly relaxes back to the original
smooth condition even when the films are conserved
in air at room temperature. We observed a faster
evolution of the films of PS of lowermolecular weights;
a complete report of this feature will be presented in a
forthcoming publication.
There is an enormous difference in the time scale of

formation and relaxation of the nanostructures. While a
well-developed structured layer is formed after a few
minutes of contact between the degassed water solu-
tion and the film, the typical time of relaxation of the
structure is few weeks, in agreement with a recently
published study of temporal evolution of nanoin-
dented PS substrates.30 As can be observed in Figure 3,
two different mechanisms govern the temporal evolu-
tion of the nanostructured layers. First, smaller size
blobs disappear at expenses of larger ones which
increase further in size (e.g., the region indicated by
the arrows) evidencing the mobility of the polymer
chains at the surface. This process, which coarsens the
size distribution of the asperities on the surface, sug-
gests the occurrence of surface Ostwald ripening.
Second, a slow relaxation of the measured blobs is
detected. This relaxation is driven by the Laplace

Figure 2. Tapping mode AFMmicrographs (1 μm � 1 μm height) taken in air of 300 nm thick, 250 kDa PS films treated with
degassed water at different pH values, varied with HNO3 and NaOH. The graphs show the measured zeta potential and
calculated charge density of each substrate. Structuration is observed at pH values in the dashed zones. The modification of
the polymer surface in contact with degassed water is determined by the pH of the solution: while relatively large self-
assembled blobs are observed at low and high pH values, their size and density get substantially smaller under neutral
conditions.
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pressure on the formed blobs, ΔP = 2γ/R. The sponta-
neous relaxation of the structure confirms that the
process is not a consequence of irreversible plastic
deformation of the films; it is due to the presence of a
zone of enhanced mobility on top of the polymer
surface able to deform and reshape.
What is the driving force for the observed nanostruc-

turation? Usually, in order to describe the interface
between an aqueous solution and a charged surface,
one considers the effect of surface charges due to sur-
face ionization or ionic adsorption on the ionic distribu-
tion in the liquid phase. This distribution determines the
properties of the material. It seems that a change of
paradigm is necessary to understand the phenomena
reported in thiswork. The essence of the problem canbe
captured through the following question: what is the

influence of the water structure and the ionic distribution

on the hydrophobic surface? It has long being recognized
that pristine water/oil interfaces can become charg-
ed.36,37 It is becoming apparent from experiments and
simulations that the density of ions in water solutions
close to hydrophobic objects is not uniform: some ions
are preferentially attracted to the interface.38,39 The
adsorption of water�ions on hydrophobic surfaces has
been evoked to explain phenomena as diverse as the
electrophoretic mobility of hydrophobic objects,38,39 the
nanotube catalyzed etching of silicon dioxide,40 or the
electrochemical behavior of graphene.41 Different me-
chanisms;entropy changes,42 ionic asymmetry,43 ionic
polarizability,44 and ionic-induced decrement of water
polarization fluctuations38,39;have been evoked to ex-
plain this ionic distribution which defies straightforward
electrostatic considerations: ions should strongly parti-
tion into the higher dielectric constant aqueous phase.

Despite of the debates around this subject, consensus
seems to be emerging around the idea that the inter-
facial density of hydroxyl or hydronium ions increases
nearby water-hydrophobic interfaces, with the respec-
tive amount determined by pH.38,39 This explains why
the charge of hydrophobic surfaces in water strongly
changes with the pH of the aqueous phase but is
less sensitive to the presence of other ions, in agree-
ment with previous experimental and theoretical
studies of the physisorption of water ions to hydropho-
bic surfaces.38,39

The strong adsorption of these ions at the interface is
probably at the origin of the phenomena reported here:
they originate an electric field which polarizes the poly-
mer layer and leads to its rearrangement. It has already
been shown by several groups that it is possible to
pattern a polymer liquid film by applying an electric field
strong enough to induce an electrohydrodynamic
instability.45 Surface waves can appear at the interface
between water and an immiscible liquid from the inter-
play between the Laplace and the electrostatic pres-
sures; no other force needs to be considered for the films
studied here, given that they are sufficiently thick so that
the effect of dispersive forces is unimportant,46 and thin
enough as to make the influence of gravity irrelevant.
This simple picture requires the ions to be very close to
the interface, or the dielectric constant of the media
between the ions and thepolymerfilm tobesignificantly
reduced: otherwise a repulsive “image” force between
the ions and the low dielectric constant polymer film
should be expected,47 which is inconsistent with the
structuration reported here.
To determine the effect of the ionic distribution on

the polymer films, precise details of the amount and

Figure 3. AFMmicrographs (3 μm� 3 μmheight) measured in air on a film that has been previously in contact with degassed
water at pH1.5 at different times afterwater exposure, as indicated. The self-assemblednanostructure on the polymer surface
is not at thermodynamic equilibrium. One month after the nanostructuration was induced most of the asperities on the film
have already relaxed at room temperature, and the film recovers its original smooth morphology. The relaxation of the
structure is greatly accelerated by increasing the temperature.
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location of the ions in the interface are necessary,
which is out of reach even for the largest scale simula-
tions. However, we can make a crude estimation of the
electric field in the polymer film by assuming that a
certain density of ions is preferentially placed in the
water nearby the polymer/water interface. An electric
field on the polymer surface of the order of 107 V/m can
be calculated from the surface charge values pre-
sented in Figure 2.48 The electrostatic pressure induced
by the field at the polymer�water interface can be
estimated as described by Landau and Lifshitz,47 if the
variation of the dielectric constant of the polymer is not
taken into account.49 A value of the order of 0.1 MPa is
obtained, largely inferior to the yield stress of PS
(30 MPa).30 The evolution of the polymer surface will
then be determined by the competition between the
destabilizing effect of the field and the Laplace pres-
sure, which damps the surface fluctuations. Themacro-
scopic description of the problem of the deformation
of a viscous liquid with a uniform surface charge
density has been reported before.50 If we estimate
the wavelength of the fastest growing mode in our
films by using the dispersion relation deduced by
Killat50 (Supporting Information) values between 15
and 150 nm are obtained, in agreement with the

structures presented in Figures 1�2. The kinetic of
formation and relaxation of the waves will be deter-
mined by the viscosity of the liquid and the interfacial
tension. From the same dispersion relationship, a
viscosity of the order of 100 MPa 3 s can be estimated
for the mobile layer of the PS films, orders of magni-
tude lower than the value expected for PS at tempera-
tures below Tg. Thismacroscopic description cannot be
applied if the density of charges at the interface is too
low. In that case a description at the molecular level
which takes into account the discreteness of thematter
is likely to be necessary. This description cannot be
built based on the finding reported in this work only.
Detailed molecular modeling of the present systems
will probably be necessary to reach a complete under-
standing of the reported phenomena. Nevertheless, it
seems apparent that the driving force for the structura-
tion is the preferential presence of water ions at the
water/polymer interface. The electric field on the poly-
mer depends critically on the density of charges and
notably on the separation between the charges and
the interface. Displacing the position of the charges by
a fraction of a nanometer entails a dramatic reduction
of the electric field on the polymer, leading to the
disappearance of the nanostructuration. This explains

Figure 4. The amount of dissolved gas determines the nature and extent of the surface structuration. PS films (300 nm thick,
250 kDa) were immersed for 10 min in water at pH 1.5 and then studied by AFM in air. Before treating the surfaces, the
aqueous solution was in contact with air during different periods of time after degassing as indicated, to change the amount
of gas dissolved. (a) Shortly after degassing the preferential adsorption of ions at the water/polymer interface is likely to be
responsible for the observed self-assembled nanostructure. Increasing amounts of gas in the solution move the ions away
from the polymer surface limiting the structuration below the bubbles (b), or the low density layer (c). This process argues in
the direction of supporting three controversial issues: (i) the presence of a low density layer at the interface between a
hydrophobic surface and water with dissolved air, (ii) the preferential adsorption of hydroxyl and/or hydronium ions on
hydrophobic surfaces, (iii) the presence of a zone of enhanced mobility at the outermost surface of a PS film.
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why the presence of a very thin layer of reduced
density deeply modifies the interaction between both
phases.
Indeed, it is very revealing to explore the effect of the

amount of gas dissolved on the structuration process. As
can be observed in Figure 4, the size of the observed
bumps is larger at short times after degassing; 10 h after
degassing water has regained its equilibrium with the
atmosphere, and no structuring effect is detected. On
the contrary, at intermediate times a seemingly different
structuration effect is observed: the contact with the
aqueous phase induces the formation of a regular array
of shallow holes/rims in the polymer film, with a typical
size of 30 nm and depth of 2 nm. The formation of a
similar pattern has been reported by Wang and co-
workers.27 They suggested that the high tensile stress
inside of nanobubbles on the hydrophobic surface is
responsible for the appearance of “nanoindents”. How-
ever, we do not observe this effect in neutral water: only
at sufficiently low or high pH values are these “nanoin-
dents” present. The ensemble of our results suggests the
following scenario (Figure 4). At low concentration of
dissolved gas, the preferential adsorption of ions at the
interface generates an attractive force on the polymer

molecules at the surface inducing the formation of
bumps. At higher gas concentrations a layer of nano-
bubbles nucleate on the surface. Small bumps are still
formed in the region between or at the rim of the
nanobubbles, where the air thickness is thin enough;
we do not need to evoke a different mechanism to
explain the different observedmorphologies. In all cases,
the thickness of the structured region (between 2 and
3 nm) is consistent with recent reports of the presence of
a thin mobile layer on the surface of glassy PS films.30,51

At higher gas concentration larger bubbles or even a
continuous low-density layer is present at the water
�polymer interface and no structuration effect is
detected.
The procedure described here may be of interest for

producing controlled nanostructured structures on
flat, nonplanar, or hollow hydrophobic substrates in a
single simple step allowing an easy and precise control
of the nanopatterns produced.52 Some realizations of
this idea are presented in Figure 5: the nanostructura-
tion of a monolayer of PS microspheres;a substrate
that would be impossible to pattern with conventional
lithographic techniques;or the selective patterning
of a PS substrate partially protected by a PDMS mask

Figure 5. AFM micrographs taken in air show that the surface nanostructuration was also observed in (a) a layer of PS latex
(radii 0.2 μm) deposited by dip-coating from a concentrated aqueous solution (10 g/L) on top of a smoothmica surface, (b) in
bulk PS partially protected by a sinusoidal microwrinkled PDMS-stamp (right; λ = 2 μm; see inset) and (c) a film of
semicrystalline polyethylene. The polymer modified surfaces can also be used as a template to pattern metallic films as
outlined in panel d. Evaporating a 250 nm thick silver film on a structured PS film and removing the polymer film after gluing
the stack onto a convenient substrate, allows production of ametallic film of controlled surface structure (e, f). For example, a
PS film with nanoholes (e.g., Figure 4, central panel) can be used as a template to produce a metallic surface with bumps of
controlled size (e).
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were performed in a simple waterborne step. The
obtained patterned polymer surfaces can also be
replicated by metal thermal evaporation to produce
nanostructured metallic films with holes or asperities
of controlled size, as illustrated in Figure 5d�f. After
deposition of a sufficiently thick metal layer, the poly-
mer layer can be cleaved or dissolved away. This
procedure allows an efficient and precise control of
the metallic surface structure, with possible applica-
tions in materials science and photonics. The rough-
ness of polydimethylsiloxane (PDMS) surfaces can be
tuned by this technique if the PDMS is treated while
cross-linking, which may be of interest for microfluidic
applications. Nanostructuration was also observed on
a bulky PS substrate made from molten PS pellets

sandwiched between two smooth glass slides. These
results rule out the influence of the inorganic substrate
and/or the thickness of the PS layer on the nanostruc-
turation phenomena. We have observed that sub-
strates of poly(methyl methacrylate) (PMMA), PS in
the form of colloidal spheres and bulk, and semicrys-
talline films of polyethylene (PE) are also prone to be
structured by this technique (Figure 5c). We believe
that these phenomena are relevant for the interface
between water and any hydrophobic object, and
should be considered in the description of processes
as diverse as protein folding, surfactant aggregation,
friction or adhesion. It may find applications in many
different scientific and technological fields like nano-
lithography, microfluidics or flexible electronics.53

METHODS

Materials. Polystyrene (PS) of five different molecular
weights (7, 59, 160, 250, and 500 kDa) were investigated. PS
of 500 kg/mol (Tg = 103 �C) and 59 kg/mol (Tg = 102 �C) were
obtained fromSigma-Aldrich. PS of 250 kg/mol (Tg = 103 �C)was
obtained from ACROS Organics. Cross-linkable54 PS of 160 kg/
mol (poly[styrene-co-(4-azidomethylstyrene)) was a generous
gift of Dr. Eric Drockenmuller. PS of 7 kg/mol (Tg = 90 �C)
synthesized by ATRP, was a gracious gift from Dr. Antoine
Bousquet. PS latex (suspension of PS spheres of radius
400 nm) was obtained from Polyscience

Film Preparation. The PS films were obtained by spin coating
solutions of the polymer in toluene 5%w/wonto siliconwafers or
freshly cleaved mica surfaces unless otherwise indicated. To
increase the adhesion of the polymer film on the substrates and
to avoid the penetration of water between the film and the
substrates, in some cases the silicon wafers were coated with a
silane layer by a 2 h exposure to a solution of octadecyltrimethox-
ysilane (abcr Specialty Chemicals) in toluene. Identical results
were obtained in the absence of this primer silane layer. The cast
films were annealed at 95 �C for 12 h to remove the residual
solvent and release anymechanical stress built up during the spin
coatingprocess. Similar results wereobtainedwith films annealed
at 150 �C for 6 h.

Films of cross-linkable PS were produced by spin coating a
solution of the polymer in toluene 0.4% w/w. Cross-linking of
the PS filmwas performed by irradiating the filmwith ultraviolet
(UV) light (300�360 nm) during 1 h, as described in ref 54.

Film Characterization. The thickness of the films was deter-
mined by ellipsometry (Nanofilm); roughness and morphology
were assessed by atomic force microscopy in tapping mode
(multimode and Icon, Veeco). The films were also characterized
by water contact angle (IDC Concept) and streaming potential
measurements (CAD). Extremely smooth films of thickness
300 nm, with a rms roughness smaller than 0.5 nm were typically
obtained. The contact angle of water on the films was around 90�
with very small hysteresis. Most of the results presented in this
work were obtainedwith 250 kDa PS chains on 300 nm thick films
on silanized silicon wafers, although qualitatively analogous
observations were made with the other polymer samples.

Water Degassing and Film Treatment. Millipore water with a
conductivity of 18 MΩ cm�1 was used for the solution prepara-
tion. The pH of the aqueous phasewas adjusted by adding small
amounts of NaOH (Prolabo) or nitric acid (Aldrich) as necessary.
Similar results were obtained by using HCl (Aldrich) or KOH
(Aldrich). Carefully cleaned Teflon bar stirrers were introduced
in the solutions to be degassed to induce the nucleation of gas
bubbles. The solutions were subjected to agitation under a
pressure of 0.2 mbar for 2 h. The appearance of macroscopic

bubbles in the aqueous phase was observed only during the
first 30 min of degassing. After the degassing is finished, the air
pressure on the flask was gently increased back to atmospheric
pressure. The degassed solutions were put right away in contact
with the polymer surfaces for a few minutes after stopping the
pumping, unless otherwise indicated. The PS films were then
dried with a gentle flow of nitrogen gas.

Zeta Potential. An aqueous solutionwith the right pH and ionic
strength was driven through a channel bounded by the surfaces
of interest and the streaming potential, Φstr, was measured at
different pressure drop values, Δp. The zeta potential, ζ, was
calculated from the slope of the linear curves of streaming
potential as a function of Δp by55

ζ ¼ ΦstrηkL
εwε0Δp

where εw is the relative permittivity of the solution, εo is the
electric permittivity of vacuum, and η and kL are the viscosity and
conductivity of the solution

Grahame Equation. The Grahame equation34,35 based on the
Gouy�Chapman theory relates the surface charge density σ to
the surface potential ψ0. This equation proceeds readily from
the electroneutrality condition: the total charge, that is, the
surface charge plus the charge of the ions in the whole double
layer, must be zero. It follows:

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8c0εwε0kBT

p
sinh

eψ0

2kBT

� �

where c0 is the salt bulk concentration, e is the electronic charge,
T is the temperature, and kB is the Boltzmann constant.

In the case of a low surface potential, sinh(x) reduces to x
and leads to the simple relationship:

σ ¼ εwε0ψ0

K�1

where κ
�1 is the Debye screening length.
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