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The first experimental and theoretical evidence was provided for the non-negligible role of a diffusioosmosis in the ion concentration polarization (ICP) layer, which had been reported to be in a high Peclet
number regime. Under the assumption that the hydrated shells of cations were stripped out with the
amplified electric field inside the ICP layer, its concentration profile possessed a steep concentration gradient
at the stripped location. Since the concentration gradient drove a strong diffusio-osmosis, the combination of
electro-osmotic and diffusio-osmotic slip velocity had a form of an anomalous nonmonotonic function with
both a single- and multiple-cationic solution. A direct measurement of electrolytic concentrations around the
layer quantitatively validated our new investigations. This non-negligible diffusio-osmotic contribution in a
micro- and nanofluidic platform or porous medium would be essential for clarifying the fundamental insight
of nanoscale electrokinetics as well as guiding the engineering of ICP-based electrochemical systems.
DOI: 10.1103/PhysRevLett.116.254501

With the aid of recent developments of nanotechnology,
the fundamental studies of electrokinetics with the micro- and
nanofluidic interface have been actively reported both on the
fundamental theories and engineering applications [1–3].
One of the most exciting features in the nanoscale electrokinetics is an ion concentration polarization (ICP) phenomenon that describes the significant concentration gradient
formed at both ends of the nanochannel (or nanoporous
membrane) under direct current (dc) bias [4–7]. Several
seminal experimental or theoretical works have reported on
the underlying physicochemical hydrodynamics inside the
ICP layer. In particular, the in-depth understanding of an ion
depletion zone at the anodic side of a cation-selective
membrane became the unprecedentedly active research field,
since the multiscale couplings of an extremely low concentration distribution [8,9], an amplified electric field [10,11],
and an electroconvection [12–15] or surface conduction [16–
18] at the micronano interface were tightly involved. While
the classical theory has considered a diffusion and a drift ionic
transportation to predict a linear concentration gradient near
the membrane [19], the visualization of strong vortical flow
inside the ion depletion zone has proved the significant role of
the electroconvections [6] and the overlimiting conductance
measurements with a confined microchannel structure
unveiled the contribution of the surface conduction to the
overlimiting current [17]. Therefore, the comprehensive
understanding of the classical diffusion-limited theory as
well as the newly investigated electroconvection and surface
conduction were demanded for the complete picture of the
ion depletion zone.
More importantly, the electrolyte concentration profile
inside the ion depletion zone is one of the most essential
0031-9007=16=116(25)=254501(5)

fingerprints for the ICP phenomenon together with I-V
responses (i.e., Ohmic, limiting, and overlimiting current),
since it not only reflects the ion transportation through the
membrane but also determines several important parameters
for developing engineered ICP applications. Recently, a
number of experimental and simulated demonstrations
reported the basic structure of the profile [13,20–23].
While the classical diffusion limited theory suggested a
linear concentration profile (i.e., diffusion layer) from the
membrane to the bulk, the recent studies demonstrated that a
strong convection was involved to produce the profile as the
combination of the extended space charge layer, the mixing
layer at a near-zero concentration, and the diffusion layer.
From these publications, one would expect the monotonic
function of the electric field so that the associated electrokinetic slip velocity inside the ion depletion zone should be
monotonic as well.
In this work, the high-resolution electrokinetic slip
velocity profiles along the ion depletion zone were measured by local trapping the vortices in microgrooves,
leading to a nonmonotonic velocity peak that cannot be
explained by the aforementioned studies. Under the
assumption that the shells of cations were stripped out
[24–28] with the amplified electric field inside the ICP
layer, the mobility of the cation steeply increased over the
threshold electric field, developing a stepwise concentration distribution. In the meantime, the nontrivial peak was
attributed as the differential form of such stepwise concentration changes, which strongly drove the diffusioosmotic contribution to the local slip velocity inside the
ion depletion zone, while the diffusio-osmosis had been
neglected in the system involving a strong convection (high
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Peclet number regime). As tangible evidence, a direct
measurement of extracted samples from the ion depletion
zone using a mass spectrometry confirmed the non-negligible contribution of the diffusio-osmosis inside the ion
depletion zone.
A polydimethylsiloxane microchip incorporated within a
Nafion nanoporous membrane was fabricated as shown in
Fig. 1(a). The main microchannel had microgrooves along
each wall [see the inset of Fig. 1(a)]. The details of the
fabrication steps and the geometrical information are given in
Supplemental Material [29]. The grooves were able to trap
the flow trackers (diameter of canola oil droplets ¼ ∼2 um)
and they rotated only inside the grooves with an angular
velocity that was proportional to the local electrokinetic slip
velocity because of the low surface charge density of oil
droplets. Fingerprinted I-V responses were measured for
various microchannel heights and the overall I-V behaviors
were identical at the height over 200 um with 20 × 20 um
square grooves, eliminating the cross talk between each
grooved wall. See Supplemental Material [29] for this test.
According to the mean field model with constant mobility, the magnitude of the rotational speed should monotonically decrease [being fastest near the membrane and slowest
near the boundary of ICP layer as shown in Fig. 1(b)i.], since
the electric field should be a monotonic function. However,
the speeds were measured with a high-speed camera and the
(a)
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Nano
junction

Main Channel
200 um

(b)
i.
Maximum slip velocity by the traditional prediction

ii.
Maximum slip velocity by the actual measurement

FIG. 1. (a) An image of the micro- and nanofluidic device that
has microgrooves along the main microchannel. Numbers in the
inset point to the numbering of each groove. (b) Schematic
diagrams of the trapped vortices in the microgrooves by (i.) the
mean field model with constant mobility and (ii.) the actual
measurement. The thickness of arrows indicates the magnitude of
the rotational speeds.
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fastest slip velocity appeared in the middle of the ICP layer
as a schematic diagram shown in Fig. 1(b)ii. See the actual
experimental video in Supplemental Material [29]. The
speeds were quantified as shown in Figs. 2(a) and 2(b)
for LiCl and NaCl 1 mM solution, respectively. The same
experiments with lower bulk concentrations (0.1 and
0.01 mM) for stronger ICP formation were conducted
and it was found that the locations of peak were measured
to be identical, since the system fell into the surface-chargegoverned regime [32] (i.e., independent from bulk concentration) with the same length of ICP layer. See the details in
Supplemental Material [29]. The mathematical function of
curve fitting was arbitrarily chosen just for the clear
visualization of the experimental plot. See Supplemental
Material [29] for the fitting equations and fitting parameters.
The emergence of this nontrivial velocity distribution far
from the theoretical prediction has to be differently
explained only with the electro-osmotic flow. Note that
the minimum resolution of the measurement was 20 um due
to the fabrication limitation of microgrooves.
Although the mobility of ions has usually been treated as a
constant quantity, the mobility can be modified by the fact
that the extremely high electric field can strip the hydrated
shell of the ionic species [24–28]. Because of the reduced
diameter by the stripped shell, the mobility of the ion should
become faster based on the Stokes-Einstein relationship
(mobility is inversely proportional to diameter). Thus, the
hypothetical mobility change is shown in the first plot of
Fig. 2(c). [The plots in Fig. 2(c) were only for the case of
LiCl.] The mobility altered at a threshold electric field.
According to previous literature [33], the mobility of Liþ of
the dehydrated state was set six times higher than that of the
hydrated state. Typical intensity of the threshold electric field
was reported to be MV=m ∼ GV=m in a gas phase [34], but
the value reduced to few 0.01 MV=m ∼ 0.01 GV=m in a
liquid phase due to the large permittivity of liquid (εgas ≈ 1
and εwater ≈ 80) and this magnitude was achievable in the ICP
layer by the amplified electrokinetic response. Direct experimental evidence for the induced high electric field inside the
ICP layer was previously reported by our group [10,21]. In
those papers, we periodically installed metal microelectrodes
inside a microchannel and measured electric fields directly
both inside and outside the ICP layer. Those reports
quantitatively showed that the high electric field
(∼0.1 MV=m) was induced only inside the ICP layer, while
the field was the same as the externally applied electric field
(∼3; 000 V=m) outside the ICP layer. In addition, other
groups also showed that electric field generated inside the
ICP layer was amplified over one hundred times more than
that outside the ICP layer using theoretical analysis as
well [35,36].
Using the field-induced mobility change of Liþ , numerically simulated cation concentration had the Heaviside
distribution inside the ion depletion zone as shown in the
second plot of Fig. 2(c). The threshold electric field as a
modeling parameter was arbitrarily chosen to describe the
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FIG. 2. Experimentally measured rotational speeds of the flow
tracker inside the microgrooves as a function of the distance inside
the ICP layer with the (a) LiCl and (b) NaCl solution. The rotational
speeds were normalized by the experimentally measured maximum
speed. The curve fitting was plotted with arbitrarily chosen
functions. (c) Plots for the mobility change of Liþ as a function
of an applied electric field, the concentration distribution of Liþ ,
and the slip velocities as a function of distance from the membrane.
The concentration distribution and slip velocity were numerically
obtained. The normalized parameters were as follows: E0 is the
thermal voltage scale electric field (i.e., RTF−1 L−1 , where R is the
gas constant, T is the absolute temperature, F is the Faraday
constant, and L is the length of microchannel), μ0 is the mobility of
Cl− , c0 is the bulk concentration, and U 0 is the thermal voltage scale
velocity (i.e., εη−1 L−1 R2 T 2 F−2 , where ε is the electric permittivity
of water and η is the dynamic viscosity of water), respectively.
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location of the velocity peak inside the ICP layer. This
concentration distribution coincided with the previous results
by measuring a local electric conductivity in which the
concentration profile inside the ion depletion zone was the
Heaviside function [21]. This peculiar distribution has not
been predicted by any mean field model before. The
concentration profile without the field-induced mobility
change (gray dashed line) was a monotonically increased
function shown in the second plot of Fig. 2(c).
From the fundamental electrokinetic theory [37–39], the
diffusio-osmosis as well as the electro-osmosis is able to
generate the effective slip velocity at the substrate wall in the
electrochemical system. See Supplemental Material [29] for
the detailed equations. Since the driving force of the diffusioosmosis is the gradient of chemical potential that is defined by
the logarithm of the local concentration (∇ lnðc=cref Þ ¼
∇c=c), one can expect the sharp driving force around the
steplike change of the concentration at x=H ¼ ∼8 in the case
of Liþ . Consequently, the strong diffusio-osmotic slip (red
solid line) contributed to the net slip velocity (gray solid line)
in addition to the electro-osmotic slip velocity (blue dash line)
as shown in the third plot of Fig. 2(c). Mathematically, ∇f=f
where f is an arbitrary sigmoidal function also has the peak
shape such as the Gaussian function. Except for x=H ¼ ∼8,
the diffusio-osmotic contribution to the slip velocity is near 0,
since there is no significant concentration gradient in this
region. Note that the steep changes around x=H ¼ 0 resulted
from the abundant counterions (cþ ) adjacent to the negatively
charged membrane surface due to the electrical double layer
(EDL) where the counterions were gathered to neutralize the
surface charge. This counterion concentration at x=H ¼ 0
was called the Donnan equilibrium concentration (N) of
which value was set to be much larger than the bulk
concentration (c0 ) for the case of the ideal selective membrane. One usually sets the value more than 2c0 [40,41].
When the ICP layer was developed near the membrane, cþ in
the EDL asymptotically decreased from the Donnan concentration to zero concentration [35,36]. Since the thickness
of the EDL is usually 0.3 nm–1 um for 1 M–10−7 M
electrolytic solution and it leads considerably steep concentration gradients, the diffusio-osmotic contribution [red line
in Fig. 2(c)] steeply decreased (the diffusio-osmosis is
proportional to the concentration gradient) near x=H ¼ 0.
For a multiple-cationic mixture of LiCl and NaCl, we
experimentally confirmed that the local slip velocity has two
peaks as shown in Fig. 3(a). This interesting observation
resulted from the hypothetical electric field-induced mobility
change as well. As shown in the first plot of Fig. 3(b), each
cation has different specific threshold electric fields. The
values were empirically chosen for each cation by observing
that the peak of Naþ appeared closer to the membrane surface
than that of Liþ [see Figs. 2(a) and 2(b)]. In the meantime, the
mobility of Liþ and Naþ elevated six and four times,
respectively [33]. These combined effects led to the steplike
changes of the cation concentrations at their specific locations
[x=H ¼ ∼3 and ∼7 for Naþ and Liþ , respectively, in the

254501-3

membrane
surface

(a)

depletion
boundary

expelled from the zone. 20 mM of samples were used in this
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closest outlet from the membrane, while the slip velocity
measurement experiments were conducted with 1 mM of
samples. Since the sample was continuously injected, the
deionized samples were constantly collected at each branch
so that the concentrations around the ICP layer were able to
be discretized. See Supplemental Material [29] for the
experimental details. Inductively coupled plasma optical
emission spectrometry was employed to quantify the concentration of collected samples as shown in Fig. 4(b).
Remarkably, the concentrations of Naþ were higher than
those of Liþ only at outlets 1 and 2, while the quantities were
inversed at outlets 3–5. Most importantly, the model without
the field-induced mobility change (see Supplemental
Material [29]) is incapable of describing the inversion of
concentration inside the ICP layer, since the concentration of
Liþ is always higher than that of Naþ in the whole region
inside the ICP layer. Thus, this result is strong direct evidence
for our model of the diffusio-osmosis and the field-induced
mobility change.
The diffusio-osmosis has been believed to play a significant role only for the case of a zero Peclet number limit [42];
i.e., the convection transport is negligible compared to the
diffusion transport. Moreover, since the ICP phenomenon
possessed a strong convective (or vortical) flow field [6,14],
one always neglected the effect of the diffusio-osmosis in the
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FIG. 3. (a) Experimentally measured rotational speeds of the
flow tracker inside the microgrooves with a multiple-cationic
mixture of LiCl and NaCl solution. (b) Plots for the mobility
changes of Liþ and Naþ as a function of an applied electric field, the
concentration distribution of Liþ and Naþ , and the slip velocities as
a function of distance from the membrane. The concentration
distribution and slip velocity were numerically obtained.

second plot of Fig. 3(b)] and the sharp peaks of the slip
velocity at the designated locations [the third plot of
Fig. 3(b)]. Therefore, the model considering the diffusioosmosis and the field-induced mobility change successfully
illustrated the appearance of anomalous velocity peaks not
only with a single cationic solution but also a multiplecationic mixture.
The simulation results of each cationic concentration [the
second plot of Fig. 3(b)] suggest that the Naþ ion predominates in the range of 0 < x=H < 7 and Liþ slightly
dominates over Naþ in the range of 7 < x=H < 10 so that
there should be the inversion of the concentration values
along the ICP layer. Note that the numerical model without
the field-induced mobility change suggests that the concentration of Liþ is always (slightly) higher than that of Naþ . See
the Supplemental Material [29]. In order to confirm the
existence of the inversion point, a five-branched micro- and
nanofluidic device was fabricated as shown in Fig. 4(a). The
mixture of LiCl (20 mM) and NaCl (20 mM) was pumped
across the ion depletion zone and most of the ions were
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FIG. 4. (a) An experimental demonstration of collecting the
discretized samples from the ICP layer using the five-branched
micro- and nanofluidic device. (b) A quantitative concentration
measurement of each cation, showing that the dominance was
inversed between outlet 2 and 3.
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ICP phenomenon. However, we demonstrated, for the first
time, the in situ measurement of the local slip velocity inside
the ICP layer as the nonmonotonic function that cannot be
fully elucidated by the previous insight. The formation of the
slip velocity peaks within the ICP layer was attributed to the
contribution of the diffusio-osmosis, since the local amplified electric field generated a steep concentration gradient
(which is the driving force of the strong diffusio-osmosis) by
the hypothesis of the field-induced mobility change. This
result led to the concentration profile in a form of the
Heaviside function and the peak of the slip velocity inside
the ICP layer. Important features of these findings were
validated by the direct measurement of collected samples
within the ICP layer. Therefore, the main conclusion from
this Letter is that the diffusio-osmosis is non-negligible even
in a high Peclet number limit depending on the hydrated
status of major carriers. Consequently, further studies should
be reserved for investigating the effect of diffusio-osmosis on
the ion transportation through the membrane in addition to
the diffusion, the drift, and the electroconvection transportation. A clear understanding of such ion transportation
mechanisms inside the ICP layer in micro- and nanofluidic
platform or porous media are essential, not only for developing the fundamental insight of nanoscale electrokinetics,
but also for guiding the engineering of ICP-based electrochemical systems, such as the ion separator, fuel cells,
batteries, and electrodesalination systems.
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