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ARTICLE INFO ABSTRACT

Keywords: Electroconvection (EC) near an ion-selective membrane has attracted significant attention in concentration
Concentration polarization polarization platform and been generally accepted as a cause of the overlimiting current. Especially, the het-
Electroconvection

erogeneous structures of the jon-selective membrane have been extensively studied for enhancing perm-selective
mass transportations in an EC-dominant regime. However, there is lack of studies considering EC on a multiscale
porous membrane, which has been often utilized in desalination and fuel cell platform. In this work, we
developed a modeled micro/nanofluidic device consisted of an array of ion-selective patches so that micropores
were formed between the patches. Rigorous theoretical and experimental analysis on EC near the membrane
demonstrated that asymmetric Coulombic force distribution among the micropores induced electroconvective
circulating flows, leading to significant enhancement of ion transport and lowering resistivity of the entire
system. Furthermore, we verified that the appearance of the circulating flow critically depended on the
configuration of micropores so that one can maximize the ion transportation by tweaking the configuration.
Therefore, the new finding of the circulating flows would advance the fundamental understanding of electro-
kinetics in concentration polarization platforms which have been extensively applied for environmental and
energy applications.

Circulating flow
Permselective membrane
Overlimiting current

1. Introduction

Electroconvection (EC) in the electrolyte near an ion-selective
membrane has gained great attention in a concentration polarization
platform that induces significant concentration gradient at both sides of
the membrane under a sufficiently strong dc electric field [1-10]. It has
been reported that ion transport is saturated to a limiting current, if one
considered only classical diffusion-drift theory since the concentration
at the surface of an ion-selective membrane approaches zero [11].
However, when the voltage increases beyond a threshold value, the
experimentally observed strong vortices induced by EC supply addi-
tional ionic flux to the membrane, so that the ionic current increases
above the saturated value (limiting current), which is called the over-
limiting current [12-19]. The fundamental studies on EC are important

in order to analyze the overlimiting current regime since various ap-
plications such as electrodialysis (ED) [20-28], electrodeionization
(EDI) [29-32], sample separation/preconcentration [33-38], and fuel
cell [39] need to have enhanced ionic mass transport at their high
operation voltage. Recent studies suggested that the extended space
charge layer (ESCL) over an electrical double layer (EDL) adjacent to the
membrane becomes gradually unstable due to positive feedback by
small perturbations under a sufficiently high electric field in the case of
conventional homogeneous membrane (Fig. 1(a)-(i)) [15,40-43]. The
fluctuation of the ESCL induces tangential electric fields (E||) along the
membrane (Fig. 1(a)-(ii)), leading to Coulombic force-driven fluid mo-
tions called the second-kind electroosmotic flow (i.e. nonequilibrium
electroconvective instability, Fig. 1(a)-(iii)) [40,44-46]. However, a
number of practical systems have utilized the membrane of multiscale
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pores such as micropores between ion-selective granules in EDI system
[47-51], a multiscale-porous ion selective membrane in ion concentra-
tion polarization system [52-54] and poly-dispersed micro/-
nanostructures in concentration polarization system [55], etc. These
studies commonly reported that the multiscale porous membrane
enabled to enhance a mass transport by suppressing the growth of an ion
depletion zone or adding supplementary ionic current paths.

In the meantime, our group extensively studied the effect of non-
negligible water permeance through a nanoporous membrane [56,57].
Small but critical water permeance significantly increased the over-
limiting current due to the suppression of instability by normal flow to
the membrane and affected ion concentration profiles near the mem-
brane [58,59]. To resemble a practical platform where a normal flow
through the membrane is critical factor, in this work, we presented the
systematic multiscale porous membrane system. The modeled system
was rigorously analyzed and we found a new type of electroconvective
circulating flow that were unable to be explained by conventional
instability theory.

Precisely modeled patch structures of ion-selective membrane
through which fluid could flow were considered in this study by theo-
retical and experimental manner. In the diagram shown in Fig. 1(b),
symmetric Coulombic force was generated among the micropores in
Ohmic/limiting regime. However, when the electric field became suf-
ficiently high (i.e. in overlimiting regime), the initial fluctuation of ESCL
(Fig. 1(b)-(1)) led to asymmetric (unstable) EC (Fig. 1(b)-(ii)), which
randomly distributed the charges inside ESCL among micropores.
Therefore, interestingly, ESCL in several micropores was overlapped,
while one in others was not overlapped, leading to a significant asym-
metric Coulombic force distribution (Fig. 1(b)-(iii)). The asymmetry
among the micropores triggered electroconvective circulating flows for
satisfying a continuity condition (Fig. 1(b)-(iv)). This is the mechanism
of the electroconvective circulating flow, even in the domain where all
the patches and distances were perfectly symmetric. In this work, the
circulating flows were investigated based on numerical simulations of
Poisson-Nernst-Planck and Stokes equations in a 2D domain, and in situ
visualizations/measurements, which unveiled a new electrokinetic
phenomenon near a multiscale porous membrane. Moreover, we

M

ion-selective membrane

ion-selective membrane

: extended space charge layer (ESCL)

: electrical double layer (EDL)

in Ohmic/limiting regime

(b)

symmetric
Coulombic force

“patch

‘ : Coulombic force ((c. - ¢)E)

in Ohmic/limiting regime

----» ! induced tangential electric field (&)

‘\asymmetrlc/
Coulombic force

Journal of Membrane Science 636 (2021) 119286

demonstrated the impact of periodicity of the patches on current den-
sity, which can provide a practical design rule for a system that requires
highly efficient mass transport.

2. Methods
2.1. Numerical methods

We considered a symmetric binary electrolyte such as KCI solution
filled in a rectangular domain which included periodic ion-selective
patches in the middle. As shown in Fig. 2(a), the height of the domain
and cation-selective patch is 2.5 and 0.5, respectively and the width of
micropores and cation-selective patches was identical as w. This multi-
scale membrane allowed the fluid to pass through the micropores, while
only cations can pass through the patches. Thus, our system simply, but
robustly modeled one side of EDI platform [48-51](i.e. cation-selective
patches in a bulk) and a recently reported nanofluidic preconcentrator,
which is useful in a micro-total-analysis system [52,54].

Here, the dimensionless Poisson equation, Nernst-Planck equations,
mass conservation and incompressible Stokes equations described
electric potential, ion transport and flow, respectively as
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Fig. 1. Schematic diagrams for illustrating the mechanism of (a) electroconvective vortices in a conventional (flat) ion-selective membrane and (b) electroconvective

circulating flows near multiscale porous membrane.
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Fig. 2. (a) The schematic diagram of numerical domain for multiscale porous membrane. (b) Fabrication process of micro/nanofluidic device with multiscale porous
membrane. (c) Image of fabricated micro/nanofluidic device with schematics of flows through micropores.
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inside cation-selective patches. In the above equations, ¢ was the
applied dc voltage across the domain vertically, p, was the free charge
density, 4p was the Debye length, c; and c. were the concentrations of
cations and anions, t was the time, j. were the ion fluxes of cations and
anions, u was the velocity, Sc was the Schmidt number which is the ratio
of viscous diffusion rate to mass diffusion rate, p was the pressure, x was

the electrohydrodynamic coupling constant as x = 5:1'32 where Vris kgT/
ze and N was the fixed charge concentration of the cation-selective
patches (i.e. Donnan concentration) [42]. All quantities were
non-dimensionalized by distance from the patches to the stationary
bulk, thermal voltage, bulk concentration, diffusion velocity, and
diffusion time. Dimensionless boundary conditions at bulkl and bulk2
were given as cx = 1, u = 0, and ¢ = Vg, (bulkl), and ¢ = 0 (bulk2).
Periodic boundary conditions were applied across the domain laterally.
The boundary conditions on the cation-selective patches were no-slip
condition for flow field and matching condition for electric potential
and electrolyte concentration (i.e. Ogpach/ON = O@electrolyte/ON and
0Cpatch/ON = OCelectrolyte/0M), Which are not specific conditions for elec-
troosmotic flow (EOF) or induced charge electroosmotic flow (ICEO),
but the general boundary condition. N of the patch was set as 100 which
was much higher than c. and the positive number for representing
cation-selectivity. For typical aqueous 1 mM electrolyte, «, Ap, and Sc
were set as 0.5, 0.001, and 1000, respectively, because it has been re-
ported that « is typically close to 0.5 for aqueous solution and there is not
wide range of choice on this parameter [41,42,60]. All of governing
equations and boundary conditions were solved by commercial FEM
software (general form PDE, Poisson’s equation and creeping flow
modules in COMSOL Multiphysics). For appropriate numerical process,
a non-uniform mesh structure was introduced after proper convergence
test. See the details in supporting information.

2.2. Experimental methods

To experimentally investigate the electrokinetics in the domain, a
micro/nanofluidic chip was designed as shown in Fig. 2(b). The micro/
nanofluidic chip consisted of cation-selective membrane (Nafion, Sigma
Aldrich, USA) patterned on a glass slide and polydimethyl-siloxane
(PDMS, Sylgard 184 silicone elastomer kit, Dow Corning, USA) block
having two dead-end microchannels. Brief fabrication processes were as
follows. As shown in Fig. 2(b), (i) A dummy PDMS block of a straight
microchannel (depth 40 pm x length 4 mm x width 2 mm) that had
multiple fin structures was reversibly bonded on top of a slide glass.
Nafion solution was injected into the straight microchannel. The fin had
the dimension of depth 40 pm x length 4 mm x width 20 pm, 40 pm, or
100 pm, respectively, and the spacing between fins was the same with
the width in a device. Thus, there were 50, 25 and 10 fins inside the
straight microchannel. (ii) After heating 95 °C for 10 min, the dummy
PDMS block was removed to leave long Nafion strips on top of the glass
slide. See the microscopic image. The thickness of Nafion strip was 20
pm. (iii-iv) Using razor cut twice under an observation by microscope,
multiple Nafion patches of 250 pm length were carved. (v) The PDMS
block of the two dead-end microchannels and Nafion patterned slide
glass were irreversibly bonded using oxygen plasma treatment (CuteMP,
Femto Science, Korea). The two dead-end microchannels had the
dimension of depth 150 pm x length 2 mm x width 2 mm and were 200
pm apart. Then, multiple micropores (depth 20 pm x length 200 pm x
width 20, 40 or 100 pm) between Nafion patches connected the two
dead-end microchannels as shown in Fig. 2(c). Nafion patches were
periodically patterned depending on w. The thickness of patterned
Nafion patches was 20 pm so that the fluid can pass only through the
micropores between Nafion patches. Dimensionless ws of 0.05, 0.10 and
0.25 corresponded to 20 pm, 40 pm and 100 pm, respectively. If the
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width is larger than 100 pm, the micropores would collapse, impeding or
blocking fluid flows [61]. For the visualization of the concentration
profiles and flow streamlines, Alexa Fluor 488 (Invitrogen, USA) and
negatively charged 1 pm particles (Invitrogen, USA) in 1 mM KCl solu-
tion (Sigma Aldrich, USA) were used. The concentration profiles and the
motions of charged particles were imaged using an inverted fluorescence
microscope (IX53, Olympus, Japan) and CellSens (Olympus, Japan)
program. An external voltage (Vapp) was applied using a source measure
unit (Keithely 236, USA) via Ag/AgCl electrodes inserted into two res-
ervoirs. Note that the dimensionless electric field (E) is defined as
(Vapp/ Vi)/(8.2 mm/0.2 mm) in experiment and Vapp/(2.5/0.5) in
simulation where Vy, is the thermal voltage. Residual pressure by un-
wanted level difference of liquid in reservoir was regulated by a syringe
pump (PHD2000, Harvard Apparatus, USA).

3. Results and discussions
3.1. Verification of electroconvective circulating flow

Fig. 3 shows the electrolyte concentration profiles associated with
the electroconvective circulating flows which were generated near the
multiscale porous membrane. In the case of conventional flat membrane
(i.e. without micropores), an ion depletion zone (IDZ) and an ion
enrichment zone (IEZ) were formed at the anodic and cathodic side of
the membrane, respectively. However, abundant ions of IEZs were
pumped up to the anodic side through micropores near center in the case
of the multiscale porous membrane as shown in Fig. 3(a) (simulation)
and 3(b) (experiment), which indicated that a portion of ions in IEZ
came up to form a circulated IEZ (cIEZ) above the membrane. In the
meantime, IDZs were pumped down to cathodic side through left and
right micropores to form a circulated IDZ (cIDZ) under the membrane.
See Supplementary Video 1. The direction of this circulation was in line
with the streamline shown in Fig. 3(c) (simulation). It was upward in the
middle and downward at both sides of the membrane. Because the
electric field inside IDZ significantly amplified, the speed of circulation
above the membrane would be much faster than one under the mem-
brane. The directions and speeds were experimentally verified as shown
in Fig. 3(d). Since negatively charged particles were used as tracers of
fluid flows, they were rejected to enter IDZs formed inside micropores (i.
e. right and left side of the membrane) [6], hindering exact visualization
of the circulating flows. Instead, the tracers moved upward through the
micropores in the middle as shown in the flow streamline of Fig. 3(d)
using particle image velocimetry (PIV) analysis (see cyan solid line).
Note that the tracers in the region above the membrane moved
extremely fast and, thus, PIV analysis was applied to only under the
membrane. Cyan broken lines above the membrane are artificial.
Nonetheless, it indirectly proved the existence of electroconvective
circulating flows. See Supplementary Video 2. Moreover, as shown in
Fig. 3(e), the formations of the circulating flow were completely
different in each trial even they were conducted with the same device,
since the mechanism behind the circulating flow was the electro-
convective instability. See Supplementary Video 3. At the same time, we
can derive the distortion of ESCL as shown in Fig. 4. One can calculate
the magnitude of Coulombic force (|F¢|) as |, (c+ —c_)EdI| and the
distributions along the membrane were shown in the bar plot. As ex-
pected, F¢ was stronger at the sides than one in the middle in the case of
w = 0.25 (the third column) so that this relative difference induced the
electroconvective circulating flow (indicated with thick blue arrows)
near the membrane to satisfy a continuity condition. While similar
scenarios were applied to various w values, slight difference resulted in
weak circulating flows in the case with narrower (w = 0.05) or wider (w
= 0.5 and 1) micropores. Note that vortices on the membrane were
conventional electroconvective flows.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.memsci.2021.119286.
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Fig. 3. (a) Numerically simulated concentration
profiles under Vg, = 100 (E=20)att=0.01 and
(b) experimentally obtained concentration pro-
files under 20 V (E = 19.5) using a fluorescent
dye. IDZ and IEZ denoted the ion depletion zone
clEZ and the ion enrichment zone respectively. Prefix
“c” meant “circulated”. (c) Numerically simu-
lated flow streamlines under Vi, = 100 (E" = 20)
at t = 0.01 and (d) experimentally obtained flow
streamlines under 20 V (E = 19.5) using PIV
analysis. All cases were examined with w = 0.25.
(e) While these images were taken at the iden-
tical conditions and the device, the formations of
EC circulating flow were completely different in
each trial due to the instability.
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3.2. Space charge overlap depending on w

The formation of cIEZ associated with the circulating flows critically
reduced the electrical resistance of the entire system so that the
appearance of circulating flows was closely related to the ion trans-
portation through the multiscale porous membrane system. Here we
present a case study about the effect of the distance between the patches.
By maintaining the width of the patch and the micropore at 1:1 ratio, ws
in simulation were selected as 0.05, 0.1, 0.25, 0.5 and 1 as shown in
Fig. 4. When the patch size was large (w = 0.5 or 1 (the fourth and fifth
column of Fig. 4)), ESCLs induced by asymmetric EC were non-
overlapped inside all micropores. Accordingly, |F.|s in all micropores
had almost the same values as shown in the bar graphs. Thus, the

2nd Experiment

500 pm

Illl¢ . ;:! 7w

circulating flows were merely generated due to symmetric F.. On the
other hand, ICEO could be the factor to induce the intrapore vortices in
the case of large w, if there is no or weak surface charge [62]. However,
the presenting system has the multiscale porous membrane with high
surface charge; in simulation, we chose Donnan concentration (N) as
100 which is higher than bulk concentration (c; = 1) and in experiment,
we used Nafion and PDMS which have high surface charge [63].
Therefore, the surface charge is predominantly high so that electro-
convection due to extended space charge overwhelms ICEO vortices.
However, as the patch size decreased (w = 0.1 and 0.25 (the second and
third column of Fig. 4)), ESCLs were asymmetrically distributed due to
unstable EC, which resulted in the significant difference of |F|s inside
micropores as shown in the bar graphs. Therefore, the electroconvective
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Fig. 4. Numerically simulated concentration profiles/flows streamlines (the first row), the distribution of extended space charge layer (the second row) and the
average magnitude of Coulombic force in micropores (the third row) as a function of the width of the micropores; w = 0.05, 0.1, 0.25, 0.5 and 1 in order.
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circulating flows were actively formed as indicated in thick blue arrows
in the first row of Fig. 4; the direction of circulating flow in the bottom of
the electrolyte domain always pointed from the overlapped extended
space charge layer regions to non-overlapped regions. See Supplemen-
tary Video 4. The presenting system was a closed system that a back
pressure must build up and produce a pressure-driven backflow to
ensure flow balance. Thus, the circulating flow could be generated by
electroconvection and backflow. However, if 1st kind of electroosmotic
flow (EOF) and backflow were the main mechanism, the circulating
flows should be observed in Ohmic regime as well. It will be discussed
later on section 3.5. Therefore, although this system had the 1st kind of
EOF and its associated backflow, the main mechanism of circulating
flows near multiscale porous membrane should be the electro-
convection. As reducing w further (0.05; the first column of Fig. 4),
ESCLs in all micropores were overlapped so that there was very small
difference in F. and the circulating flows were almost vanished. The
vortices on the depletion side of the membrane for narrower w resemble
the classical electro-convective vortices, because the multiscale porous
membrane with much narrower w eventually reaches the conventional
nanoporous membrane, which has been extensively studied both
experimentally [13,64] and numerically [65]. In addition, the existence
of two (or more) vortex states with spatial periodicity that is off by a
factor of 2 has recently been reported for the classical case of bifurcated
vortices on the depletion side without throughflow [66]. In that paper,
different possible steady state of bifurcated vortices was constructed,
showing bifurcation branches with spatial periodicity that is off by
factors of 2. In the light of their analysis, our study can show a jumping
from one bifurcation state to another state intermittently, which is an
interesting characteristic of the vortex instability inside ESCL near a
permselective membrane.

3.3. Experimental current-voltage relationship for each w

The current-voltage relationship of the concentration polarization
platforms showed three distinct regimes called Ohmic regime, limiting
regime, and overlimiting regime as shown in Fig. 5(a). In order to
analyze the electrical characteristic of the system with multiscale porous

membrane, an external voltage (V,,pp) of 5V, 10V, 15 V or 20V was
applied to the device. After 1 h of applying the voltage, the steady
currents at each voltage were obtained by time-average values for an
additional hour. The same procedures were repeated at least 3 times for
each device using more than 3 devices for the repeatability and reli-
ability. The steady current and voltage response represented Ohmic,
limiting and overlimiting regimes as a function of the width of Nafion
patch (w) and demonstrated that current behavior above 20 V definitely
belonged to the overlimiting regimes in the all w cases. Fig. 5(b) and (c)
showed that the concentration and flow profiles were tracked by using
fluorescent dye and negatively charged particles, respectively depend-
ing on each w.

3.4. Overlimiting current enhancement by electroconvective circulating

flow

In order to correlate the circulating flows with the ion transports,
numerically and experimentally obtained current densities were
compared as shown in Fig. 6. The current density (i) for each w was
theoretically calculated by summing the vertical ionic flux divided by
the width of the domain and normalized by ip which is defined as FDcy/L
in numerical simulation (F is the Faraday constant, D is the diffusivity of
ions, cg is the bulk concentration and L is the length from upper bulk to
an ion-selective patch in the domain of the simulation). In experiments, i
was measured at V,, = 20 V which belonged to the overlimiting current
regime (See Fig. 5(a)) and normalized by FDcy/8.2 mm. The measure-
ments were repeated at least 3 times for each device using more than 3
devices for the repeatability and reliability. The plot presented that the
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Fig. 6. The plot of the simulated (white circle) and experimental (black circle)
current density at an overlimiting regime (E = 20 in numerical simulation and E
= 19.5 in experiment). The hatched circle symbols indicated the case of con-
ventional (flat) nanoporous membrane. Star symbols indicated the calculated
resistivity of the entire system.

current density had a maximum value at w = 0.1 under E = 20 (simu-
lation; white circle) and E =195 (experiment; black circle), which
corresponded to the appearance of strong circulating flow depicted in
Fig. 4. The current density significantly decreased when F.s were nearly
symmetric, i.g. the case of either non-overlapped ESCL in all micropores
(i.e. w = 0.5 and 1) or overlapped ESCL in all micropores (i.e. w = 0.05).
In the case of infinitesimal w which corresponded to a conventional
nanoporous membrane without any micropores (hatched circle in
Fig. 6), F. would be perfectly symmetric (no circulating flow) so that the
current density was lower than any other cases. While the experiments
were conducted only for the case of w = 0.05, 0.1 and 0.25 due to
fabrication limits, the results would reasonably reflect this behavior. As
stated in 2.2 Experimental methods, the case of w = 0.5 and 1 encoun-
tered a PDMS collapse in micropores. If the ratio of the width to the
height exceeds 10 [61], the microchannel would collapse so that fluid
flows through micropores would be blocked or unbalanced. This is why
we conducted the simulation to see how the flow field was generated at
w values where any experiment was unavailable. For quantitative ar-
guments, we conducted t-test for experimentally measured three current
density values. The p value from t-test was 1% between w = 0.05 and w
= 0.1 and 3.5% between w = 0.1 and w = 0.25, respectively. Thus, all of
p values were below 5%, so that it is clear that all of experimental cur-
rent densities were distinguishable and had the peak at w = 0.01.

Note that there was a discrepancy between experimentally and
numerically obtained values. This was mainly because the PDMS device
has 3D space, while only 2D domain was considered in the simulation
for saving computational cost. Also, the device had multiple depths (150
pm in microchannel and 20 pm in micropores) so that this difference
would influence potential distribution and fluid flows. However, both
results remarkably supported the existence of electroconvective circu-
lating flows increasing the current density and their tendency depending
on the patch size.

Since the current density is inversely proportional to the resistivity of
the system, we set up an equivalent circuit model to analyze the ten-
dency. A detailed model is described in supplementary note 2. Calcu-
lated resistivity (star symbols) from the modeled circuit for each w was
plotted in Fig. 6. Replenished ionic carriers due to the formation of cIEZ
by the circulating flow would lower total resistivity. Thus, the case of
strong circulating flow (w = 0.1 and 0.25) possessed the lowest re-
sistivity and the highest current density.

3.5. Electroconvection as the main mechanism of circulating flows

As aforementioned, our system is a closed system so that a back
pressure must build up and produce a pressure-driven backflow to
ensure flow balance. However, if only 1% kind of EOF and its backflow
are considered, the electroconvective circulating flows were not
observed and pairs of vortices were trapped between the patches. See
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supporting information. Also, it was hard to explain the existence of the
maximum current density depending on w (Fig. 6) by considering only
1%t kind of EOF and backflow. In addition, the main mechanism of
circulating flow would be electroconvection, since the direction of
circulating flow in the bottom of the electrolyte domain always pointed
from the overlapped extended space charge layer regions to the non-
overlapped regions.

Furthermore, if 1% kind of EOF and its associated backflow are the
mechanism, the circulating flow should be observed in ohmic regime as
well, which is not true. We calculated the absolute value of averaged y-
directional velocities inside each micropore (i.e. |average(u,) |, named as
“pore velocity”). The value close to zero meant that vortices were
trapped inside the micropores, while the value much larger than zero
indicated that there was a through flow inside the micropores. We
considered the latter case as electroconvective circulating flows near the
multiscale porous membrane as shown in Fig. 7(a). Fig. 7(b) showed the
contour plot of the average pore velocity depending on w and V. The
plot presented that there was almost no circulating flow under lower
Vapp than 20 (i.e. Ohmic or limiting regime) at most of w values, while
circulating flows were significant over higher Vg, than 50 (ie.
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overlimiting regime) in the case of appropriate w (w = 0.1 or 0.25).
These interpretations led to the conclusion that the electroconvective
circulating flows were generated in the multiscale porous membrane
system with appropriate w in the overlimiting regime. In addition, Fig. 7
(c) showed that the current density had the considerable relationship
with the electroconvective circulating flows as similar as Fig. 6. There-
fore, it is reasonable to conclude that electroconvection is the mecha-
nism of the circulating flow.

4. Conclusion

In this work, we verified the existence of electroconvective circu-
lating flows near multiscale porous membrane, leading to lowering the
resistivity of the entire system and increasing the ion transport. This was
demonstrated by a fully-coupled numerical simulation and confirmed by
in situ visualization and measurement. We found that electroconvective
circulating flows were attributed to asymmetric Coulombic forces
among the micropores due to an unstable EC. The rigorous analysis of
this work revealed the physics behind the questionable current en-
hancements in previous systems [47,52,53,55]. If one considered an

(@)

cation-selective
patch

micropore

pore velocity =
laverage(u,)|

pore velocity ~ 0

trapped vortices

=
w

pore velocity >> 0

i
1
1
1
1
1
1
or |
1
1
1
1
1
1
1
1

EC circulating flow

0.1 1

w

Fig. 7. (a) The schematic diagram of defining “pore velocity”. Phase diagrams of (b) averaged pore velocity and (c) its associated current density as a function of Vg,

and w.
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external flow to the membrane, which was typical situation in fuel cells
or reverse electrodialysis, the circulating flow would still play an
important role to determine the current density. See supplementary note
4 for the detailed description. Furthermore, we also revealed that the
configuration of ion-selective patches had a critical impact on the cur-
rent density. In short, the conditions for maximizing ion transport were
obtained in the appropriate patch size where abundant circulating flows
were evidently formed and decreased the entire resistivity. Conclu-
sively, electroconvective circulating flows near the multiscale porous
membrane would provide an effective mechanism for increasing mass
transport in various energy-applications that requires high current
throughput such as battery or fuel cell, etc. and fundamental un-
derstandings of electrokinetics near ion conducting spacers.
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