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We present a visualization of the predicted instability in ionic conduction from a binary electrolyte into

a charge selective solid. This instability develops when a voltage greater than critical is applied to a thin

layer of copper sulfate flanked by a copper anode and a cation selective membrane. The current-voltage

dependence exhibits a saturation at the limiting current. With a further increase of voltage, the current

increases, marking the transition to the overlimiting conductance. This transition is mediated by the

appearing vortical flow that increases with the applied voltage.
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Microscale fluid flows commonly arise when a dc cur-

rent passes through the diffusion layers (DL) of binary

ionic solutions adjacent to charge selective solids, such

as electrodes [1], ion exchange granules [2] or membranes

[3], and arrays of nanochannels [4]. Under conditions of

extreme diffusion limitation (concentration polarization

(CP) near the limiting current [5]), these flows provide an

additional ionic transport mechanism. This mechanism is

essential for the operation of nanofluidic preconcentrators

[4] and overlimiting electrodialysis [6,7]. On short length

scales and in the absence of free interfaces, these flows are

not driven by gravity or surface tension. Instead, they are

driven by the electric force acting upon the space charge of

the nanometers-thick interfacial electric double layer

(EDL). Slip-like fluid flow induced by this force is known

as electro-osmosis (EO).

There are two regimes of EO that correspond to the

different states of the EDL and are controlled by the

nonequilibrium voltage drop (overvoltage) across it [8].

These are the quasiequilibrium regime [9,10] and the

nonequilibrium EO [2,8,11]. While both regimes result

from the action of a tangential electric field upon the space

charge of the EDL, the first relates to the charge of quasi-

equilibrium EDL, whereas the second relates to the ex-

tended space charge of nonequilibrium EDL. The nonequi-

librium EDL develops in the course of CP near the limiting

current.

According to a recent theory [8], a novel critical insta-

bility of quiescent ionic conduction related to the extended

charge EO stands behind the overlimiting conductance

through a planar ion exchange membrane. During 1D

conduction through a planar layer, an electrolyte concen-

tration gradient forms. The related electric force does not

impair the mechanical equilibrium in the system, which

remains stable as long as the EDL retains its quasiequili-

brium structure. As voltage increases, the system moves

away from quasiequilibrium, and an extended space charge

develops in the EDL. EO slip related to this extended space

charge renders the quiescent conduction unstable [8]. This

instability of 1D ionic conduction is reminiscent of insta-

bilities in 1D thermal conduction, such as the Rayleigh-

Benard and Marangoni instabilities. While reports of the

underlying extended space charge EO [2] and possibly its

related flow patterns [1] are numerous, to the best of our

knowledge no experimental evidence of this instability

existed. Here, we report the direct observation of such an

instability. Experiments are conducted with a transparent

PMMA version of the ’quiet’ horizontal cell [Fig. 1(a)],

which was previously employed for CP studies [6,12]. The

cell is sealed at the bottom by a massive polished copper

anode, and by a cation-exchange membrane (CEM:

Neosepta CMX, Tokuyama Soda Ltd., thickness d ¼

170 �m) at the top. A 0.01N degassed copper sulfate

solution is used as the working electrolyte. The cross

section of the anode, membrane, and cell is 2� 2 mm,

and the cell height is 0.5 mm. Above the membrane, a large

cathode compartment is sealed by a massive copper cath-

ode. The cathode surface area is much larger than that of

the anode and membrane. This guarantees that all CP is

localized at the membrane [12].

The electrolyte solution is seeded with 1 �m neutrally-

buoyant polystyrene tracer particles (Invitrogen

Fluospheres, density � ¼ 1:05 g=ml). The flow inside the

cell is visualized (see the enlarged side-view of the cell in

Fig. 1(a)] using a long distance microscope coupled to a

12 bit Pixelfly megapixel video camera. The depth of field

of the microscope is sufficiently narrow to permit focusing

in different vertical planes of the cell. The image process-

ing and streamline identification was obtained using

ImageJ software [13].

Current response I to a voltage bias V is measured over a

small (330 �) resistor in series with the cell. Under all
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experimental conditions, the voltage drop across the resis-

tor is <1% of the total voltage applied to the cell. Two

protocols are used to vary the voltage. In the first, voltage is

continuously increased up to a maximum value, Vmax, well

within the overlimiting regime [Fig. 1(b)]. In the second

protocol, voltage is raised in discrete jumps. The typical

holding time between consecutive jumps is 60 sec (Fig. 2).

We find that there is no qualitative difference between the

systems response to the two protocols; however, the latter

is useful for analyzing the relaxation dynamics of the

system.

Under the influence of a dc current, copper ions dissolve

from the anode and pass through the membrane to be

reduced at the cathode. Because the conductivity is much

higher in the anode and membrane relative to the solution,

in the absence of motion, the electric field in the anodic

compartment is directed strictly upwards, and is indepen-

dent of the lateral coordinate. Correspondingly, the elec-

trolyte concentration varies only in the vertical direction,

increasing at the anode and dropping at the membrane. As

a result, a purely 1D conduction state develops in this

compartment with the electrolyte concentration approach-

ing a linear distribution with a slope proportional to the

magnitude of the electric current [Fig. 1(a)].

A typical current-voltage curve is presented in Fig. 1(b).

Voltage is increased continuously up to 1.2 V at a rate of

3 mV= sec . Three regions are distinguishable in this curve:
(1) the Ohmic (underlimiting) low current region, followed

by (2) saturation of the curve at the ‘‘limiting current’’

caused by the diffusion limitation of ionic transport, and

(3) an inflection and transition to the overlimiting region.

These three regions are typical of most current-voltage

curves of CEM [6,14]. A time series of the current passing

through the membrane is shown in Fig. 2. In this experi-

ment, voltage is increased in discrete jumps of 0.1 V once

every minute (black curve). The three regions correspond-

ing to those discussed in Fig. 1(b) are clearly visible. The

notable variations in the relaxation dynamics, however,

provide additional insight into the characteristic processes

dominating each region. Usually, following a rapid rise in

voltage, the current first jumps to a higher value and then

decays towards a steady-state. After the first two jumps, the

way in which current increases is quite different. Rather

than decaying, the current continues to increase at an

almost linear rate of �55 nA= sec after the first voltage

step and �30 nA= sec after the second. This increase is

most likely due to depassivation of the anode (gradual

deblocking under current of the anodes oxide film). The

FIG. 2 (color online). Variations in the current relaxation dy-

namics. (a) A time series of the current (blue) passing through

the membrane. Voltage (black line) is increased in discrete jumps

of 0.1 V once every minute. Three regions are highlighted, as in

Fig. 1. Above 10 �A, an increase in voltage is followed by a

rapid rise in current and then a slower relaxation. Three relaxa-

tion events within the limiting region are highlighted by dashed

rectangles. These correspond, from left to right, to (b),(c), and

(d), respectively. (b) ED relaxation of concentration to a new

linear steady-state profile leads to an exponential decay.

(c) Movement toward the establishment of limiting regime

relaxation is characterized by quasilogarithmic decay. (d) At

the developed limiting regime, the time decay changes from an

exponential to a power-law with a measured exponent of �1=2.
Continuous lines in (b)–(d) follow from time-dependent 1D ED

simulations.

FIG. 1 (color online). A schematic view of the experimental

system. (a) A horizontal transparent PMMA cell is sealed by a

massive, polished copper anode and a CEM at the bottom and

top, respectively. Above the membrane, a large compartment is

sealed by a massive copper cathode. The voltage bias, V, is
applied directly to the cell in series with a 330 � resistor over

which the current response, I, is measured. The electrolyte

solution is seeded with 1 �m polystyrene tracer particles. A

typical enlarged view is shown on the left. The dashed line

illustrates the CP profile at the limiting current. (b) A typical I-V
curve measured by continuously increasing V at an average rate

of 3 mV= sec is shown. Three regimes are highlighted: the

Ohmic underlimiting, limiting, and overlimiting regime.
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exponential time relaxation typical for the following two

voltage jumps [Fig. 2(b)], which correspond to the under-

limiting regime and the very beginning of the limiting

current plateau, is caused by the late stage of the electro-

diffusional (ED) relaxation of the concentration to a linear

steady-state profile. Toward the end of the limiting regime,

the time decay changes from an exponential to a power-

law, with a measured exponent of �1=2 [Fig. 2(d)]. Such

decay is typical for the initial stages of ED concentration

relaxation. Within the overlimiting regime [Fig. 2(a)], we

observe a range of linear current decay. This type of decay

is not consistent with 1D ED and suggests an additional

transport mechanism, such as electroconvection (EC).

The transition to the overlimiting regime coincides with

the voltage threshold above which vortical structures ap-

pear in the flow near the membrane surface (with wave

number 2 mm�1 compared to the range 1.5 to 2 mm�1

obtained in numerical simulation for a realistic Debye

length). The sequence of events as voltage is varied and

shown in Fig. 3(a). At small voltages (�0:4 V), negligible
flow activity is observed. Above a critical value, the tracer

particles are entrained in a streak of vertical rolls originat-

ing at the membrane surface, [15]. We characterize the size

of the vortical structures through the distance from the

membrane to the bulk of undisturbed particles, forming a

clearly visible boundary in Fig. 3(a). The result is shown in

Fig. 3(c): the size of the rolls increases approximately

linearly with the voltage, in a fashion similar to the growth

in the electric current. Comparison to the current-voltage

curve in Fig. 3(b) reveals that the vortical structures appear

at the onset of the overlimiting regime and suggests that the

two are manifestations of the same physical instability

phenomenon.

Numerical finite difference simulations of 2D nonlinear

EC were carried out for the universal limiting formulation

[8] for a realistic value of dimensionless Debye length,

10�6 (Fig. 4). In addition to recovering the aforementioned

features of 1D ED [Figs. 2(b)–2(d)] for developed EC in

the overlimiting region, these calculations recover a long

range of nearly linear time responses [Fig. 4(d)], reminis-

cent of the response in the overlimiting regime in Fig. 2(a).

We note that EC yields the formation of a stirred bulk

flanked by two DLs with voltage-dependent thickness at

the solid/liquid interfaces. On the other hand, in the vicin-

ity of bifurcation, these calculations suggest that the non-

equilibrium EO instability of steady-state CP is of the

subcritical type, displaying its characteristic current hys-

teresis. The calculated linear growth of the average veloc-

ity with voltage, following the jump at the instability

threshold, compares well with that in Fig. 3(c).

This report offers direct experimental evidence of the

theoretically predicted hydrodynamic instability of 1D

ionic conduction [8]. The related critical onset of the

flow should be clearly distinguished from that in a multi-

dimensional setting (e.g., at a curved interface correspond-

ing to a spherical ion exchange granule [2], undulated

membrane surface [7], conductively heterogeneous mem-

brane surface [16], or array of nanochannels [4]). In these

cases, any kind of EO initiates a flow in a thresholdless

manner, that is, immediately upon application of an elec-

tric field. Hence, while nonclassical EO may be qualita-

tively recognized by its higher velocities, the precise type

of the slip can only be identified by studying the depen-

dence of the velocity on the electric field. Thus, a linear

dependence is expected in the classical case of quasiequi-

librium EO at an originally charged interface [5], and a

quadratic dependence is expected for a quasiequilibrium-

induced charge EO at an originally noncharged interface

[10]. On the other hand, for the extended charge EO, cubic

field dependence is expected, switching at higher voltage

FIG. 3 (color online). (a) Time-lapse

snapshots of the experimental cell

seeded with tracer particles showing

‘quasi-steady-state’ streamlines. The

membrane is situated at the top boundary

of each image, and for each snapshot the

applied voltage (Volts) is indicated.

(b) Corresponding current-voltage curve

(c) The measured (dotted line) and nu-

merically computed (solid line) average

size (height) of the vortical structures

increases approximately linearly with

the value of the bias voltage. Their ap-

pearance coincides with the shoulder of

the curve in (b).
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to a quadratic dependence, with the tangential current

density variation as the driving factor instead of the electric

field [8]. Namely, this type of flow has been reported

recently with an array of nanochannels [4]. Likely, many

more reported flows, attributed in the past to other mecha-

nisms, actually belong to this category [3].
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FIG. 4 (color online). Numerical simu-

lation of EC for dimensionless Debye

length 10�6 showing hysteresis: black

line is shown on the way up, and blue

line is shown on the way down.

(a) Current-voltage dependence. (Inset:

Laterally averaged concentration profiles

for two voltages corresponding to the

limiting (1) and overlimiting (2) cur-

rents); (b) the flow streamlines’ pattern;

(c) voltage dependence of the absolute

value of the dimensionless linear flow

velocity averaged over the DL; (d) the

current’s relaxation in the overlimiting

regime.
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