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ABSTRACT: With nonconducting substrates, streaming potential
in sufficiently broad (vs Debye screening length) capillaries is well
known to be a linear function of applied pressure (and coordinate
along the capillary). This study for the first time explores streaming
potential with ideally polarizable electron-conducting substrates
and shows it to be a nonlinear function of both coordinate and
applied pressure. Experimental manifestations can be primarily
expected for streaming potentials arising along thin porous
electron-conducting films experiencing solvent evaporation from
the film side surface. Model predictions are in good qualitative
agreement with literature experimental data.

■ INTRODUCTION
Foundations of the classical theory of streaming potential were
laid down more than a century ago.1 The initial and
consequent models have considered non-electron-conducting
substrates.2 Several studies considered ion-conducting, namely,
porous substrates (see, for example, refs 3−5) but the physics
in this case is essentially different due to the relatively low
conductivity of such substrates and lack of ideal polarizability
of interfaces between them and electrolyte solutions. Recently,
a new interesting context for electrokinetic phenomena of
streaming potential (and streaming current) has arisen in
capillarity-driven energy harvesting from evaporation with
(nano)porous materials (see, for example, refs 6−9; the state
of the art of this emerging field has very recently been critically
reviewed in ref 10). In this case, hydrostatic pressure drops can
be very high being ultimately controlled by capillary pressures
in nanopores. At the same time, several relevant experimental
studies used electron-/hole-conducting nanoporous sub-
strates.8,9,11 Below, we will see that the combination of large
hydrostatic pressure drops with solid-substrate electron
conductance can make steaming potential essentially different
from the classical case.

Some transport phenomena (membrane potential, electrical
conductance, and pressure-driven salt rejection) in electrolyte-
filled nanopores with electron-conducting walls have been
recently explored by Ryzhkov et al.12−17 These phenomena are
nontrivial only when there is a noticeable overlap of diffuse
parts of electric double layers (EDLs). Such systems afford
only numerical analysis. Besides, principal emphasis was made
on the impact of an external bias while the role of
redistribution of electron charges in floating (ungrounded)

systems was less explored. Electrokinetic phenomena were not
considered.

In this study, for the first time, we account for electron/hole
conductance of matrices of porous materials experiencing flow-
induced streaming potential. To obtain simple analytical
results, we consider the limiting case of sufficiently broad
capillaries without any appreciable overlap of diffuse parts of
EDLs and surface conductance phenomena as well as neglect
the existence of the so-called Stern layer.18 The existence of the
latter may be important in more concentrated solutions and
close to strongly charged surfaces. Below, we will see that
strong surface charges (chemical plus induced) may well arise
close to the channel exit under strongly nonlinear conditions.
Therefore, accounting for the Stern layer is an essential next
step that will be made in future studies.

We also discuss scenarios of possible experimental
manifestations and demonstrate that they can be expected
for rather large hydrostatic pressure differences and in
sufficiently dilute electrolyte solutions. In combination with
the requirement of negligible EDL overlap (implying relatively
large pore size), this may be difficult to achieve in pressure-
driven processes. However, we will see that situation can be
different in systems where large hydrostatic pressure gradients
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are induced by capillarity in water evaporation from hydro-
philic nanopores.

■ THEORY
Streaming currents arise as a result of the advective movement
of electrically charged liquids close to “charged” solid/liquid
interfaces in electrolyte solutions. Strictly speaking, the total
electric charge of the interface region is zero; however, a charge
is “bound” to the surface while its “counter-charge” can move
with and/or relative to the liquid. Advective movement of
electrolyte solution through a capillary with “charged” walls
gives rise to a convective current. In streaming potential mode,
external circuit is open, so the net electric current must be zero
in any capillary cross section. Streaming potential is the voltage
arising to compensate exactly the convective streaming current
by an electromigration current in the opposite direction. The
local density of convective current is equal to the product of
local electric charge density and fluid velocity. Expressing the
space-charge distribution via electrostatic potential by the
Poisson equation, using the Stokes equation with the standard
boundary condition of no slip on the capillary wall and taking
into account the zero-current condition, for sufficiently broad
(compared to the Debye screening length) capillaries, one can
obtain this celebrated Smoluchowski formula2

=
x g

P
x

d
d

d
d

0

(1)

where φ is the electrostatic potential in the central part of the
capillary (far away from its walls), ζ is the potential drop within
diffuse parts of EDLs occurring at the surface (the so-called ζ-
potential), εε0 is the fluid dielectric constant, η is the fluid
viscosity, g is the (bulk) electrical conductivity of electrolyte
solution. The potentials and the system of coordinate are
schematically shown in Figure 1. With electron-conducting

substrates, the electrostatic potential of the conductor surface
must be the same all the way along the capillary. Let us denote
its constant value by Φ

+ = (2)

By substituting eq 2 into eq 1, we obtain

=d
g

Pd0

(3)

In this simple analysis, we neglect the influence of
electrokinetic phenomena on the volume flow (this is justified
in sufficiently broad capillaries). Therefore, the hydrostatic
pressure is independent of electrostatic potential and its profile

is linear. Accordingly, eq 3 can be easily integrated along the
capillary to yield

=
g

P
L

ln
( )
(0)

0 i
k
jjjj

y
{
zzzz

(4)

where L is the channel length

P P P L(0) ( ) (5)

is the hydrostatic-pressure difference along the capillary. From
eqs 4 and 5, we obtain

=L A(0) ( ) ( (0))(exp( ) 1) (6)

A
g

P0

(7)

The hydrostatic pressure profile is linear

= ·P x P P( ) (0) (8)

where ξ ≡ x/L is the dimensionless coordinate along the
channel. Taking this into account, from eq 4, we obtain

= A( ) (0) ( (0))(1 exp( )) (9)

In contrast to the classical case of dielectric substrates, the
electrostatic potential profile is nonlinear. The extent of
nonlinearity is controlled by parameter A.

This analysis assumes that there are some fixed charges on
the capillary walls (sometimes referred to as “chemical
charge”) arising due to preferential ion adsorption or
dissociation of ionogenic groups. Therefore, there is a nonzero
ζ-potential at zero volume flow. Under flow conditions,
additional electrostatic potential arises outside EDLs and at
the capillary walls owing to the appearance of net electric
charges at the capillary edges. Physically, the constancy of
surface electrostatic potential is ensured by the appearance of
polarization electron/hole charges at the capillary surface.
Together with the initially present “chemical” charges, these
polarization charges give rise to a position-dependent ζ-
potential that can be found from the condition of constancy of
full surface electrostatic potential (eq 2) and distribution of
electrostatic potential outside the EDLs (eq 9)

A( ) ( ) ( (0))exp( ) (10)

We consider the conductor ungrounded. Therefore, the total
induced electron/hole charge must be zero. There is this well-
known relationship between surface-charge density and
equilibrium electrostatic potential at a charged surface2

= ·RT c2 2 sinh
20

i
k
jjj y

{
zzz (11)

so surface-charge density is proportional to the hyperbolic
sinus of ζ-potential. For simplicity, let us initially assume that
the “chemical” charge remains unchanged under flow
conditions (constant charge approximation). Taking into
account this and the fact that the total surface charge under
flow conditions must be equal to the “chemical” charge, we
obtain

= RT c2 2 sinh
( )
2

d0 0
0

1 i
k
jjjj

y
{
zzzz (12)

where · ( )RT c2 2 sinh0 0 2
0 is the (coordinate-independ-

ent) density of “chemical” surface charge and ζ0 is the ζ-

Figure 1. Schematic and system of coordinates.
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potential under no-flow conditions. Equation 12 can be
rewritten as

=sinh
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Substituting eq 10 for the distribution of ζ-potential, we
obtain
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The integral in the right-hand side of eq 14 can be taken to
yield

· =A Shi e Shisinh
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where Shi is the integral hyperbolic sinus. Equation 15 is a
transcendental equation for the determination of (Φ − φ(0))
as a function of parameter A, which is proportional to the
hydrostatic pressure drop along the channel. Φ and φ(0) enter
eq 15 only in combination, (Φ − φ(0)), so they cannot be
determined separately. However, the pressure dependence of
streaming potential (eq 6) and distribution of ζ-potential (eq
10) depend only on this combination. When parameter A is
small, by developing eq 15 in Taylor series in A, we can see
that Φ − φ(0) ≈ ζ0. By substituting this into eq 9 and
developing the exponential function in series for small A, we
obtain

g
P( ) (0) 0 0

(16)

which is the same behavior as in the classical case of dielectric
substrates.

Above we have considered the simplest case of constant
“chemical” charge density independent of ζ-potential. Given
that this charge is a result of preferential ion adsorption or
dissociation of ionogenic groups, it typically depends on the
concentration of some ions at the surface. This, in turn, is
affected by electrostatic attraction/repulsion. Therefore,
generally, the density of “chemical” surface charge should be
considered a function of ζ-potential, σ(ζ). In the case of
electron-conducting substrates, this potential is controlled not
only by the “chemical” charge but also by the electron/hole
polarization charges. However, whatever the mechanism of
“chemical”-charge formation, the total polarization charge must
be zero for ungrounded conductors. Therefore, the right-hand
side of eq 12 should still be equal to the total “chemical”
charge. With a charge regulation, the latter becomes dependent
on ζ-potential, which changes with coordinate according to eq
10. Hence, on the left-hand side of eq 12, we should average
the “chemical” charge density over the capillary length to
obtain

= RT c( ( ))d 2 2 sinh
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2
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For the distribution of ζ-potential, we can still use eq 10, so
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where we have taken the integral from the right-hand side of eq
17. As previously, (Φ − φ(0)) can be found from eq 18 solved
as a transcendental equation.

Within the scope of the popular charge regulation model,19

the surface charge is described by the so-called Langmuir−
Stern isotherm, which gives

=
+ K Z

( )
1 exp( )

0

p (19)

where Zp is the charge (in proton-charge units) of potential-
determining ions and σ0 is the maximum surface-charge
density corresponding to full dissociation. Constant K is
proportional to the bulk concentration of potential-determin-
ing ions and, thus, is a function of solution pH, for example, in
the case of weakly acidic groups. The term with the exponent
in the denominator reflects the fact that the surface
concentration of ions is different from their bulk concentration
due to electrostatic repulsion/attraction. Thus, for instance, an
increase in the negative surface-charge density with increasing
pH is accompanied by the intensification of electrostatic
attraction of H+ ions, which somewhat reduces the degree of
dissociation.

Especially large values of dimensionless pressure differences
can be expected in capillarity-driven electrokinetic phenomena,
in particular, in systems with side evaporation from thin
(nano)porous films (see Figure 4 for the schematic). A simple
model for the distribution of hydrostatic pressure in such
systems has recently been developed in ref 10 using the Darcy
law for the description of viscous flow along the film and
assuming a constant evaporation rate (controlled by the
external mass transfer) from the fully wet part of the film.
Under these assumptions, one obtains a linearly decreasing
hydrostatic-pressure gradient along the film (in contrast to the
constant pressure gradient occurring in the pressure-driven
mode), which is because ever more liquid is lost to evaporation
while moving along the film. The corresponding expression is

=P
x

q

h
x L

d
d

( )e

(20)

where P is the hydrostatic pressure, x is the coordinate along
the film, h is the film thickness, L is its length, χ is its hydraulic
permeability, and qe is the linear evaporation rate (m/s). The
evaporation rate is assumed to be constant along the film (we
disregard the dependence of saturated-vapor pressure on the
menisci curvature). After integration along the film (taking into
account that pressure at the immersed end equals atmospheric
(zero relative) pressure), we obtain

=P x
q

h
x

x
L( )

2
e i

k
jjj y

{
zzz

(21)

As discussed in ref 10, the tangential hydraulic flow is driven
by the gradient of (negative) capillary pressure arising beneath
the curved menisci at the external film surface. While moving
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along the film away from the immersed end, ever larger
negative pressures are required to drive the viscous flow along
the ever longer film segment. This negative-pressure buildup
occurs due to a gradually increasing menisci curvature, which
keeps growing until it reaches the maximum corresponding to
the pore size. Once this state is reached, the menisci start to
recede into the pores. Thus, the maximum pressure difference
along the film is equal to the maximum negative capillary
pressure. The length of the fully wet zone can be found by
substituting negative maximum capillary pressure, −Pcm, into
eq 21

=L
hP
q

2
w
2 cm

e (22)

For the gradient of streaming potential, eq 1 is still
applicable, though the hydrostatic-pressure gradient is not
constant anymore but is given by eq 20 from which we obtain

=
q

h
x L x

d
( )de

(23)

After integration

= B( ) (0) ( (0)) 1 exp 1
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where ξ ≡ x/L is the dimensionless coordinate along the
porous film

B
q L

g h
0 e

2

(25)

The local ζ-potential, ζ(ξ) ≡ Φ − φ(ξ), is given by

= B( ) ( (0))exp 1
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Taking into account as previously that the total induced
electron/hole charge is zero and using eq 11, in the
approximation of constant “chemical” charge, we obtain
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From this transcendental equation, one can find (Φ − φ(0))
as a function of B. From eq 24, we obtain this expression for
the coordinate dependence of derivative of electrostatic
potential

= B B
d
d

( (0)) (1 )exp 1
2

i
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jjjj
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zzz

y
{
zzzz (28)

Using eqs 22 and 25, for the dimensionless parameter B
occurring at the maximum wet length, Lw, we get

=B
P

g
2

m
0 cm

(29)

For the maximum capillary pressure, we have

=P
r

2 cos
cm

p (30)

where ∑ is the surface tension, θ is the contact angle, and rp is
the pore radius.

■ RESULTS AND DISCUSSION
Taking into account that integral hyperbolic sinus is a strongly
increasing function of its argument, eq 15 shows that when
parameter A increases, (Φ − φ(0)) → 0. Physically, this means
that the polarization charges distribute in such a way that the
net surface-charge density (fixed plus induced charges) at the
capillary “entrance” tends to zero, whereas it “peaks”
exponentially ever stronger (with increasing pressure differ-
ence) close to the “exit” (see eq 10). This is illustrated in
Figure 2.

Figure 3 shows the dependence of streaming potential on
the dimensionless pressure (parameter A). At its larger values,

the dependence is essentially sublinear. At the same time,
Figure 3 confirms that at small values of parameter A, the
dependence is linear. We have just seen that this coincides with
the classical Smoluchowski equation.

The numerical solution of eq 15 shows that while Φ − φ(0)

→ 0 at large A, ( )e 1(0)
2

A , so the second term on the

right-hand side of eq 15 can be neglected, and

Figure 2. Distribution of dimensionless-potential difference along
capillary, constant charge model, ζ0 = 2; the values of dimensionless
pressure are indicated in the legend.

Figure 3. Dimensionless streaming potential as a function of
dimensionless hydrostatic-pressure difference (parameter A defined
by eq 7); the values of “equilibrium” dimensionless ζ-potential (ζ0)
are indicated in the legend; the dashed lines show calculations with
the approximate eq 31.
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( )
( )

A
Shi

sinh

2

2
0

(31)

This inverse relationship between streaming potential and
dimensionless pressure has an accuracy better than 1−2% at A

> 5. At relatively small ζ-potentials (as long as ( )sinh
2 2

0 0),

it provides a good approximation at a small A, too. At larger ζ-
potentials, one can combine the linear approximation Δφ =
Aζ0 with eq 31, some deviations from either of them occurring
only at intermediate values of A. Figure 3 confirms the good
applicability of eq 31.

Figure 4 shows a comparison of pressure dependence of
streaming potential calculated for the case of charge regulation

using eqs 6 and 18 with the case of constant charge (eqs 6 and
15). The maximum surface-charge density in the case of charge
regulation, σ0, is assumed to correspond to the same “zero-
flow” dimensionless ζ-potential as in the case of constant
charge.

As we can see, charge regulation can make the nonlinearity
occur at somewhat larger dimensionless hydrostatic pressure
differences, but qualitatively the behavior remains the same.
Scenarios of Experimental Verification. Pressure-

Driven Mode. Above, we have seen that the extent of the
nonlinearity (which distinguishes SP with electron-conducting
substrates from the classical case) is directly proportional to
the hydrostatic pressure drop and inversely proportional to the
solution conductivity. Using the model of identical straight
parallel cylindrical capillaries, the pressure drop can be
expressed this way

=P
LJ

r

8 v

p
2

(32)

where Jv is the volume flux (m/s), rp is the pore radius, and γ is
the porosity (for tortuous pores, it also includes a tortuosity
factor). Accordingly (see eq 7)

=A
LJ

r g

8 0 v

p
2

(33)

Figure 2 shows that the nonlinearity becomes noticeable
when A ≥ 2 ÷ 3. This parameter gets larger, in particular, in
solutions of lower electric conductivity. For our simple model
to be applicable, the capillaries have to be sufficiently broad

compared to the thickness of diffuse parts of EDLs. The latter
is known to increase with decreasing electrolyte concentration
(solution conductivity) inversely proportionally to the square
root of it.20 Therefore, to maintain the impact of diffuse parts
of EDLs at an acceptably low level, a decrease in concentration
should be accompanied by an increase in the capillary radius.
The latter implies less pressure drop at a given volume flux. As
we can see from eq 33, parameter A is inversely proportional to
the square of capillary radius. Therefore, at a given volume flux,
reducing electrolyte concentration (and proportionally increas-
ing the capillary radius) would leave parameter A (and the
extent of nonlinearity) unchanged. At the same time, this
would lead to an increase in Reynolds number and (in
sufficiently broad capillaries) may result in deviations from the
laminar flow pattern.21 Another way to increase the “effective
pressure drop” is using thicker diaphragms with relatively small
pores. Thus, for instance, assuming the thickness (capillary
length) of L = 1 cm, the capillary radius of rp = 0.5 μm, the
active porosity of γ = 0.1, 1 mM NaCl solution, and a
“reasonable” linear filtration rate of 0.3 mm/s, we obtain A ≈ 7.
In 1 mM electrolyte solutions of (1:1) electrolytes, the EDL
thickness is about 10 nm, which is around 50 times less than
the assumed capillary radius (hence, no EDL overlap and
surface conductance). Therefore, to achieve this flow rate in
such a diaphragm, a pressure difference of about 1 MPa has to
be applied. Sintered metals with average pore sizes down to
single micrometers are commercially available.22 Nevertheless,
exploration of pronounced nonlinearity requires other recipes.

Evaporation-Driven Mode. In hydrophilic nanopores,
capillary pressures can be very high (>10 MPa). In this
subsection, we will demonstrate that this can lead to very large
pressure differences along thin nanoporous films under
evaporation conditions. These, in turn, can give rise to large
“dimensionless pressures”. In some studies, thin nanoporous
films were assembled from electron-conducting nanoparticles
(for example, carbon black).7−9 In a typical configuration (see
Figure 5), a thin (supported or stand-alone) film of a
nanoporous material is immersed with one extremity in an

Figure 4. Dimensionless streaming potential vs dimensionless
pressure for charge regulation (blue) and constant charge density
(orange).

Figure 5. Schematic of systems with “side” evaporation (not to scale);
green color shows a nonporous nonconducting substrate.
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(aqueous) electrolyte solution. The liquid is sucked into the
pores by capillary forces. Simultaneously, the solvent
evaporates predominantly from the film side surface. There
are, at least, two electrode stripes: one located close to the
immersed film extremity and another situated at a certain
distance along the film length (the direction of capillary
imbibition). In some studies, there have been additional
intermediate electrodes used to monitor the open-circuit
voltage distribution along the film.

Assuming as previously a 1 mM aqueous NaCl solution, the
pore radius of 0.5 μm, and perfect wetting according to eq 29
(θ = 0), for the dimensionless parameter B occurring at the
maximum wet length, we obtain Bm ≈ 4. In contrast to
parameter A (see eq 33) controlling the nonlinearity in the
pressure-driven mode, parameter B is inversely proportional to
the first power of pore radius. Therefore, reducing electrolyte
concentration (and conductivity) while increasing the pore size
to keep the ratio of pore radius and screening length constant
causes an increase in parameter Bm inversely proportional to
the square root of concentration. Thus, with 0.01 mM NaCl
solution (and 5 μm pore radius), Bm ≈ 40. Incidentally,
experimental studies used very dilute electrolyte solutions
although the pore size was essentially smaller than 10 μm.
Figure 5 shows examples of distribution of electrostatic
potential derivative along porous film with evaporation. This
distribution is in good qualitative agreement with experimental
data obtained in ref 8 for nanoporous films made from carbon
black nanoparticles (see Figure 2 of ref 8) (Figure 6).

■ CONCLUSIONS
In the limiting case of sufficiently broad capillaries
(“Smoluchowski limit”), streaming potential has long been
considered to be a linear function of applied pressure.
However, as we have demonstrated in this study, this generally
applies only to nonconducting substrates. If substrates are
electron-conducting (though still ideally polarizable, no
electrode reactions), the linear behavior occurs only at
sufficiently low dimensionless pressure differences directly
proportional to hydrostatic pressure difference and inversely
proportional to solution conductivity. At larger dimensionless
pressure differences, the dependence becomes pronouncedly
sublinear while the dependence on the coordinate along the
flow direction is superlinear (exponential). The extent of

nonlinearity also depends on the mechanism of surface-charge
formation, charge regulation giving rise to a somewhat less
pronounced nonlinearity. Experimental detection of predicted
trends calls for the use of rather large applied pressures in
systems with relatively large pores in dilute solutions.
Alternatively, clear manifestations can be expected in devices
where large hydrostatic-pressure differences are induced due to
capillarity in water evaporation from nanoporous materials.
Experimental data already published for such systems are in
good qualitative agreement with the model predictions.

■ AUTHOR INFORMATION
Corresponding Author

Andriy Yaroshchuk − ICREA, 08010 Barcelona, Spain;
Department of Chemical Engineering, Universitat Politec̀nica
de Catalunya - BarcelonaTech, 08028 Barcelona, Spain;

orcid.org/0000-0002-6364-6840;
Phone: +34934054443; Email: andriy.yaroshchuk@
upc.edu

Author
Emiliy Zholkovskiy − F. D. Ovcharenko Institute of Bio-

Colloid Chemistry, National Academy of Sciences of Ukraine,
03142 Kyiv, Ukraine

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.2c01305

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge funding from the European Union
through Project H2020-FETOPEN-2018-2019-2020-01-
964524 “Energy harvesting via wetting/drying cycles with
nanoporous electrodes (EHAWEDRY)”.

■ REFERENCES
(1) von Smoluchowski, M. The Theory of Electrical Cataphoresis

and Surface Conduction. Phys. Z. 1905, 529−531.
(2) Hunter, R. J. Zeta Potential in Colloid Science: Principles and

Applications; Elsevier, 1981.
(3) Yaroshchuk, A.; Ribitsch, V. Role of Channel Wall Conductance

in the Determination of -Potential from Electrokinetic Measurements.
Langmuir 2002, 18, 2036−2038.
(4) Fievet, P.; Sbaï, M.; Szymczyk, A.; Magnenet, C.; Labbez, C.;

Vidonne, A. A New Tangential Streaming Potential Setup for the
Electrokinetic Characterization of Tubular Membranes. Sep. Sci.
Technol. 2004, 39, 2931−2949.
(5) Yaroshchuk, A.; Luxbacher, T. Interpretation of Electrokinetic

Measurements with Porous Films: Role of Electric Conductance and
Streaming Current within Porous Structure. Langmuir 2010, 26,
10882−10889.
(6) Shao, C.; Ji, B.; Xu, T.; Gao, J.; Gao, X.; Xiao, Y.; Zhao, Y.;

Chen, N.; Jiang, L.; Qu, L. Large-Scale Production of Flexible, High-
Voltage Hydroelectric Films Based on Solid Oxides. ACS Appl. Mater.
Interfaces 2019, 11, 30927−30935.
(7) Ding, T.; Liu, K.; Li, J.; Xue, G.; Chen, Q.; Huang, L.; Hu, B.;

Zhou, J. All-Printed Porous Carbon Film for Electricity Generation
from Evaporation-Driven Water Flow. Adv. Funct. Mater. 2017, 27,
No. 1700551.
(8) Xue, G.; Xu, Y.; Ding, T.; Li, J.; Yin, J.; Fei, W.; Cao, Y.; Yu, J.;

Yuan, L.; Gong, L.; Chen, J.; Deng, S.; Zhou, J.; Guo, W. Water-
Evaporation-Induced Electricity with Nanostructured Carbon Materi-
als. Nat. Nanotechnol. 2017, 12, 317−321.

Figure 6. Distribution of derivative of dimensionless open-circuit
voltage with respect to dimensionless coordinate along a porous film
calculated using eqs 27 and 28: ζ0 = −3, the values of dimensionless
parameter B are indicated in the legend.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.2c01305
Langmuir 2022, 38, 9974−9980

9979

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andriy+Yaroshchuk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6364-6840
https://orcid.org/0000-0002-6364-6840
mailto:andriy.yaroshchuk@upc.edu
mailto:andriy.yaroshchuk@upc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emiliy+Zholkovskiy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01305?ref=pdf
https://doi.org/10.1021/la015557m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la015557m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1081/SS-200028652
https://doi.org/10.1081/SS-200028652
https://doi.org/10.1021/la100777z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la100777z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la100777z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b09582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b09582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201700551
https://doi.org/10.1002/adfm.201700551
https://doi.org/10.1038/nnano.2016.300
https://doi.org/10.1038/nnano.2016.300
https://doi.org/10.1038/nnano.2016.300
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01305?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01305?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01305?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01305?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c01305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(9) Zhang, S.; Chu, W.; Li, L.; Guo, W. Voltage Distribution in
Porous Carbon Black Films Induced by Water Evaporation. J. Phys.
Chem. C 2021, 125, 8959−8964.
(10) Yaroshchuk, A. Evaporation-Driven Electrokinetic Energy

Conversion: Critical Review, Parametric Analysis and Perspectives.
Adv. Colloid Interface Sci. 2022, 305, No. 102708.
(11) Zhang, G.; Duan, Z.; Qi, X.; Xu, Y.; Li, L.; Ma, W.; Zhang, H.;

Liu, C.; Yao, W. Harvesting Environment Energy from Water-
Evaporation over Free-Standing Graphene Oxide Sponges. Carbon
2019, 148, 1−8.
(12) Lebedev, D. V.; Solodovnichenko, V. S.; Simunin, M. M.;

Ryzhkov, I. I. Effect of Electric Field on Ion Transport in Nanoporous
Membranes with Conductive Surface. Pet. Chem. 2018, 58, 474−481.
(13) Ryzhkov, I. I.; Lebedev, D. V.; Solodovnichenko, V. S.;

Shiverskiy, A. V.; Simunin, M. M. Induced-Charge Enhancement of
the Diffusion Potential in Membranes with Polarizable Nanopores.
Phys. Rev. Lett. 2017, 119, No. 226001.
(14) Ryzhkov, I. I.; Shchurkina, M. A.; Mikhlina, E. V.; Simunin, M.

M.; Nemtsev, I. V. Switchable Ionic Selectivity of Membranes with
Electrically Conductive Surface: Theory and Experiment. Electrochim.
Acta 2021, 375, No. 137970.
(15) Ryzhkov, I. I.; Lebedev, D. V.; Solodovnichenko, V. S.;

Minakov, A. V.; Simunin, M. M. On the Origin of Membrane
Potential in Membranes with Polarizable Nanopores. J. Membr. Sci.
2018, 549, 616−630.
(16) Ryzhkov, I. I.; Vyatkin, A. S.; Mikhlina, E. V. Modelling of

Conductive Nanoporous Membranes with Switchable Ionic Selectiv-
ity. Membr. Membr. Technol. 2020, 2, 10−19.
(17) Zhang, L.; Biesheuvel, P. M.; Ryzhkov, I. I. Theory of Ion and

Water Transport in Electron-Conducting Membrane Pores with PH-
Dependent Chemical Charge. Phys. Rev. Appl. 2019, 12, No. 014039.
(18) ; Bard, A. J.; Faulkner, L. R.; White, H. S. Electrochemical

Methods: Fundamentals and Applications, 2nd ed.; Wiley, 2001.
(19) Israelachvili, J. N. Intermolecular and Surface Forces, 3rd ed.;

Elsevier, 2011.
(20) Robinson, R. A.; Stokes, R. H. Electrolyte Solutions: Second

Revised Edition, 2nd ed.; Dover Publications, 2012.
(21) Yaroshchuk, A.; Bernal, E. E. L.; Luxbacher, T. Electrokinetics

in Undeveloped Flows. J. Colloid Interface Sci. 2013, 410, 195−201.
(22) Powder sintered filter https://www.sinteredfilter-sft.com/

fi l t e r s e l m e n t s / fi l t e r c a r t r i d g e / 1 4 0 . h t m l ? g c l i d =
Cj0KCQjwpImTBhCmARIsAKr58cwPv8kkBdNr9oLmV_
hr2kHw1wqmjJQWPVHwkwXSjOBuSWbwqSTQjA0aAo_qEALw_
wcB (accessed April 22, 2022).

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.2c01305
Langmuir 2022, 38, 9974−9980

9980

 Recommended by ACS

Taming Electrowetting Using Highly Concentrated Aqueous
Solutions
Athanasios A. Papaderakis, Robert A. W. Dryfe, et al.
NOVEMBER 30, 2022
THE JOURNAL OF PHYSICAL CHEMISTRY C READ 

The Modulation of Electrokinetic Streaming Potentials of
Silicon-Based Surfaces through Plasma-Based Surface
Processing
Li Cheng, Prabhakar Bandaru, et al.
SEPTEMBER 23, 2022
LANGMUIR READ 

Charge Fluctuations on a Flat Interface between Dielectric
and Electrolyte or Dense Plasma
E. V. Rosenfeld, V. V. Djakin, et al.
JULY 21, 2022
LANGMUIR READ 

Galvani Potential-Dependent Single Collision/Fusion Impacts
at Liquid/Liquid Interface: Faradic or Capacitive?
Cheng Liu, Lishi Wang, et al.
NOVEMBER 10, 2022
THE JOURNAL OF PHYSICAL CHEMISTRY B READ 

Get More Suggestions >

https://doi.org/10.1021/acs.jpcc.1c01208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c01208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cis.2022.102708
https://doi.org/10.1016/j.cis.2022.102708
https://doi.org/10.1016/j.carbon.2019.03.041
https://doi.org/10.1016/j.carbon.2019.03.041
https://doi.org/10.1134/S0965544118060075
https://doi.org/10.1134/S0965544118060075
https://doi.org/10.1103/PhysRevLett.119.226001
https://doi.org/10.1103/PhysRevLett.119.226001
https://doi.org/10.1016/j.electacta.2021.137970
https://doi.org/10.1016/j.electacta.2021.137970
https://doi.org/10.1016/j.memsci.2017.11.073
https://doi.org/10.1016/j.memsci.2017.11.073
https://doi.org/10.1134/S2517751620010072
https://doi.org/10.1134/S2517751620010072
https://doi.org/10.1134/S2517751620010072
https://doi.org/10.1103/PhysRevApplied.12.014039
https://doi.org/10.1103/PhysRevApplied.12.014039
https://doi.org/10.1103/PhysRevApplied.12.014039
https://doi.org/10.1016/j.jcis.2013.08.021
https://doi.org/10.1016/j.jcis.2013.08.021
https://www.sinteredfilter-sft.com/filterselments/filtercartridge/140.html?gclid=Cj0KCQjwpImTBhCmARIsAKr58cwPv8kkBdNr9oLmV_hr2kHw1wqmjJQWPVHwkwXSjOBuSWbwqSTQjA0aAo_qEALw_wcB
https://www.sinteredfilter-sft.com/filterselments/filtercartridge/140.html?gclid=Cj0KCQjwpImTBhCmARIsAKr58cwPv8kkBdNr9oLmV_hr2kHw1wqmjJQWPVHwkwXSjOBuSWbwqSTQjA0aAo_qEALw_wcB
https://www.sinteredfilter-sft.com/filterselments/filtercartridge/140.html?gclid=Cj0KCQjwpImTBhCmARIsAKr58cwPv8kkBdNr9oLmV_hr2kHw1wqmjJQWPVHwkwXSjOBuSWbwqSTQjA0aAo_qEALw_wcB
https://www.sinteredfilter-sft.com/filterselments/filtercartridge/140.html?gclid=Cj0KCQjwpImTBhCmARIsAKr58cwPv8kkBdNr9oLmV_hr2kHw1wqmjJQWPVHwkwXSjOBuSWbwqSTQjA0aAo_qEALw_wcB
https://www.sinteredfilter-sft.com/filterselments/filtercartridge/140.html?gclid=Cj0KCQjwpImTBhCmARIsAKr58cwPv8kkBdNr9oLmV_hr2kHw1wqmjJQWPVHwkwXSjOBuSWbwqSTQjA0aAo_qEALw_wcB
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c01305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06517?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01168?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c01347?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
http://pubs.acs.org/doi/10.1021/acs.jpcb.2c05741?utm_campaign=RRCC_langd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1670350809&referrer_DOI=10.1021%2Facs.langmuir.2c01305
https://preferences.acs.org/ai_alert?follow=1

