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ABSTRACT: At voltages above a certain cr1t1cal. val.ue, V. & 2:0 E ”
kT/e, a space charge layer forms near ion-selective interfaces in 204" & P
4 - hd ~,

liquid electrolytes. Interactions between the space charge and an
imposed electric field drives a hydrodynamic instability known as
electroconvection. Through particle tracking velocimetry we ®
experimentally study the structure and dynamics of the resultant
electroconvective flow. Consistent with previous numerical
simulations, we report that, following imposition of a sufficiently
large voltage, electroconvection develops gradually as pairs of
counter-rotating vortices, which nucleate at the interface between an ion-selective substrate and a liquid electrolyte. Depending on
the imposed voltage and cell geometry, the vorticies grow to length scales of hundreds of micrometers. Electroconvective flows are
also reported to be structured and multiscale, with the size ratio of the largest to the smallest observable vortices inversely
proportional to the Debye screening length.
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B INTRODUCTION provide an additional mode of mass transfer, it is undesirable in
metal batteries galvanostatically charged at i >ij, where a
coupling between electroconvection and morphological
instabilities can exacerbate rough deposition in non-planar,
dendritic structures. This can lead to battery short circuits,
limiting battery life and, in volatile liquid electrolytes, posing
serious safety concerns. Therefore, understanding electro-
convection and developing techniques to manipulate the flow

Electric field-driven transport of ions in an electrolyte bounded
by at least one ion-selective planar interface is conventionally
thought to be limited by electroneutrality. In particular, when
the ion depletion rate at the interface exceeds the rate of
resupply from the bulk electrolyte, a diffusion limiting current,

. 4zcFD . s oy .
i = —— is reached, wherein any additional flux of ions across

the interface is resisted by a large electric field that preserves (e.g., to suppress it,'"”'® or to enhance, based on the system'”)
electroneutrality.1 Here ¢, z, and D are the salt concentration, are important from both fundamental research and application
mobile ion valency, and diffusivity, respectively; L is the inter standpoints.
electrode spacing, and F is Faraday’s constant. A significant The origin of electroconvection is attributed to the
body of early work showed that currents appreciably higher formation of an extended space charge layer (ESCL), many
than i; can be sustained by driving the operating potential in times the length of the equilibrium double layer, which couples
the cell to values substantially above the thermal voltage, to the local electric field inside an electrochemical cell to
Vy =L~ 26 mV at 300 K.>~* Complications associated with provide a body force, to drive fluid motion. The thickness of
e the ESCL (€) depends on the relative voltage (Vv=v/ Vr) and
faradaic currents produced by redox chemistry of water initially Debye screening length (5 §/L) and varies as € ~ L(V6)2/3 11
prevented a full understandmg of the origins of such

Direct numerical studies by Mani and co-workers have shown
that at voltages less than around 20 Vi , electroconvection
manifests as paired vortex structures that initiate at the ion-
selective interface and grow into the interelectrode space to

overlimiting conductance.” © 1t is currently understood that
the source of the behavior is the hydrodynamic instability
termed electroconvection, an electro-osmotic flow driven by
forces originating from coupling of the electric field and
concentration polarization in electrolytes at ion-selective —
interfaces.”~'" Since its first analysis by Rubinstein et al,”'’ Received:  February 7, 2021 LANGMURR
electroconvection has been reported in a wide variety of Re"ifed‘ April 26, 2021
systems like metal electroplating,'"® high-energy density Published: May 7, 2021
batteries,'* electrodialysis,15 and water desalination.'® Fur-

thermore, it is now known that while electroconvection may be

advantageous in certain cases like electrodialysis, where it can
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Figure 1. Effects of voltage on the electroconvective structures in 0.001 M CuSO, (g electrolytes for a 77 Vy (a, b) and 308 V7 (c, d) potential
difference across the cell. (a, c) Vector maps with colors depicting the strength and sign of the velocity component parallel to the membrane (v-
component). The Nafion membrane (x = 0) is on the right side of these maps. (b, d) Profiles of the root-mean-squared velocity component (v,,)
as a function of position. It can be seen from the profiles that the first peak velocity magnitude changes from approximately 8 to 80 ym/s as voltage

increases from 77 Vy to 308 Vi .

enhance mixing within the electrolyte.””*" At higher volta%es,
the electroconvective flows become multiscale and chaotic.”**
Theoretical studies have also investigated coupling of electro-
convection with imposed shear flows and gravity. Kwak et al.
studied electroconvection in the presence of an externally
imposed shear flow and reported that the dimensionless height
of the electroconvective vortices is strongly coupled with the
imposed voltage and shear velocity as h ~ (V2/ Uyp) '3, where
V is the applied voltage and Uyp is the shear velocity.”*
Recently, Lui et al. presented results from scaling analysis and
DNS of electroconvection in the absence of an externally
imposed shear flow. These results support a linear scaling of
both the dimensionless steady-state vortex height and
overlimiting current with V.*> Similarly, studies have also
shown that gravitational effects can play an important role in
the onset of convective flow especially in systems with large
Rayleigh numbers, where Rayleigh—Bernard convection can
lead to an unstable overlimiting current and this effect
becomes more pronounced as the characteristic length of the
system increases.”*””

Many aspects of the theoretical work on electroconvection
have been corroborated by experimental studies where tracer
particles are generally used to obtain flow patterns. Bellon et al.
used fluorescein acid to observe the electrokinetic response in
different regimes (ohmic, limiting, and overlimiting) by
tracking changes in the dye intensity near a cation exchange
particle and membrane.”® Similarly, Valenca et al. exper-
imentally confirmed the effects of membrane undulations on
electroconvection that was initially discovered via numerical
simulations performed by Davidson et al.'”*” By observing the
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flow near a patterned ion-selective membrane, they reported
that the onset of convection occurred faster near the edges,
which almost doubled the ion transport compared to a flat
membrane. Studies have also confirmed the vortex size and
growth rate scale with V in steady electroconvection by using
particle image velocimetry (PIV) analysis, which is a powerful
tool to examine the flow data.’” PIV analysis has also recently
been used to quantify the suppression of electroconvection in
electrolytes with high MW polymer additives where signifi-
cantly lower velocities were obtained.'”"®

In this work, we present an experimental study of the
multiscale nature of chaotic electroconvection usin§ PIV
analysis which has not be explored previously.”*"™>* We
specifically investigate the effect of salt concentration and
voltage on electroconvection onset and evolution, and
compare our results with theoretical analysis to present some
salient features of chaotic electroconvection.

Bl EXPERIMENTAL METHODS

A visualization cell was built as depicted in Figures 2a and 2b and
connected to a BK Precision power supply capable of supplying a
fixed voltage across the cell. The copper used as the electrodes in the
cell was procured from Alfa Aesar, and the Nafion NRE-212
membrane was purchased from Sigma-Aldrich. The electrolyte was
made with copper sulfate and polystyrene tracer particles (3 ym) from
Sigma-Aldrich and deionized water. To observe the effect of particle
charge, the zeta potential of the tracer particles was measured using a
Zetasizer and was found to be below 1 mV for electrolyte
concentrations ranging from 0.1 to 0.001 M; for a 0.1 mM electrolyte,
the zeta potential is —5.6 mV. We note that even at the higher zeta
potential, the electrophoretic mobility is still about a factor of 7 or
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Figure 2. (a, b) Depiction of the experimental cell used for visualizing convective flow. (c) Streamline of the flow for 0.01 M CuSO, at a potential
of 231 V. The Nafion membrane (x = 0) is on the right side. (d) Profile of the root-mean-squared parallel (v,,,) and perpendicular (u,,,,) velocity
components for the same case as (c). The location of v,,,; peaks is shown in the corresponding streamlines profile.

more lower than the peak velocity component parallel to the electric
field. For the visualization experiment, a copper electrode was placed
on one side of a piece of glass, and parallel to that electrode was
another copper electrode wrapped in a Nafion membrane. The edges
of the glass in the interelectrode space were sealed with an adhesive
strip. The electrolyte was injected into this space with a micropipette
and then another glass cover plate was placed on top to seal the cell.
The gap between the top and bottom glass plates was maintained
fixed at 250 um to minimize three-dimensional flow."* The length of
both electrodes is approximately 2 cm. The spacing between the
Nafion and counter electrode is 5 mm, and the microscope has a
viewing window of 1.3 X 1.3 mm. The visualization setup is placed
horizontally, which reduces complications from Rayleigh—Bernard
type convection®”” because gravity is perpendicular to the electric
field. An Olympus microscope paired with a CCD camera was used to
record the videos. Videos were taken for approximately S min. The
last 40 s of each video was partitioned into individual frames which
were fed into the particle image velocimetry software package
(PIVLab) in Matlab, which uses cross-correlation to extract velocity
vectors.” The PIV software used multiple passes and was finally
refined to a vector for every 15 X 15 um section of the frame. Outliers
were removed and then replaced via interpolation. RMS velocity
variation with distance from Nafion surface was calculated by
averaging in both the y coordinate and time, using the formula:

1/2
1 1 L)
— u dt d .
“Jh—t A’U ‘/t‘o y)

B RESULTS AND DISCUSSION

We recorded convective flow patterns for different concen-
trations of copper sulfate electrolytes (0.1 M to 0.1 mM) in a
wide range of dimensionless voltages (40 < V < 320) and
analyzed them using the particle image velocimetry package™

to determine the root-mean-squared components of the
velocity distribution in the direction normal to (u), as well
as parallel to (v), the surface. The main results from these
studies are summarized in Figure 1. Gross features of an

<u> = (
N
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electroconvective flow in a dilute aqueous copper sulfate near a
cation-selective, Nafion interface are reported using vector
maps (Figure la, c¢) and profiles of the root-mean-squared
component of the velocity (v) (Figure 1b, d). The results
capture three salient features of electroconvection. First, the
RMS velocity distribution exhibits an initial maximum at a
distance several tens of micrometers from the interface, i.e.,
substantially larger than the space charge thickness, ¢. The size
of the maximum is a strongly increasing function V, increasing
nearly 10-fold for a 4-fold increase in V. Second, the RMS
velocity decays slowly with distance, and a substantial
convective flow is apparent even on length scales on the
order of 1 mm from the permselective membrane. Finally, we
find that the flow is structured, with a typically undulating
velocity distribution, particularly at higher values of V.

To further investigate the features reported above, we
systematically vary the concentrations and voltages over a wide
range to see the effect of changing Debye layer thickness and
applied voltage on electroconvective flow. A characteristic
feature of electroconvection is that it develops gradually. The
first sign of incipient convective motion is the appearance of
vortices that form slowly but accelerate as they extend into the
bulk fluid, ultimately reaching a steady state. We find that this
acceleration rate is a strong function of V For example, in a
0.001 M electrolyte at V = 80, the vortices take about 20 s to
form and an additional 60 s to become fully developed. In
contrast, for V ~ 320, vortices form within the first few seconds
and extend into the bulk within 20 s. Figure la and ¢ shows
that the direction and strength of the flow varies strongly in
space for V & 320, but less so for V ~ 80. At higher V the flow
is more chaotic as vortices move along the membrane, collide,
separate, or even combine to create structures that never
appear to achieve a steady state. As the system never reaches a
quasi-steady state, we present our results for the last 40 s of our
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Figure 3. (a) Peak of the root-mean-squared v-component of velocity as a function of the applied potential. The dashed line depicts the scaling
V"2, The inset shows that at higher potentials the effect of voltage is much stronger. (b) Peak of the root-mean-squared v-component of velocity as
a function of the bulk electrolyte concentration for different applied potentials. (c) Extent of convection vs voltage for 0.1 mM and 0.1 M CuSO,.
(d) Current density—voltage (I-V) curve measured over the same range of CuSO, concentration, but at lower voltages than those used in the flow
visualization experiments. The i—V curves are normalized using empirical diffusion limited current density (i,) values for the respective electrolytes.

measurements to elucidate some key features of chaotic flow.
Figure 2c reports typical particle path lines deduced from the
measurements. The blue background represents the tracked
vectors averaged over the last 40 s of a video taken at 231 Vi in
a 0.01 M CuSO, electrolyte. Any background flow was
removed by subtracting the average over each wx-value. It is
apparent that the velocity vector distribution has components
parallel (v) and perpendicular (u) to the membrane surface.
Figure 2d reports the root-mean-squared average of u and v. As
with the v-component in Figure 1, at low salt concentration, u
also shows evidence of structuring of the electroconvective
flow. The location of the peaks in v correlates well with the size
of the convective vortices observed in the videos. For example,
comparing Figure 2¢ and 2d, the peak at 100 ym corresponds
to the size of the small vortex (~150 ym) that is apparent in
the vector plot. Likewise, the second peak in v at approximately
800 ym is close to the average size (~700 ym) of the second
largest rolls observed (see Video S4). Comparison with
streamline plots (see Video S1) reveals that the peaks in the
v-component correspond to the edges of different sized
vortices, with the number of asspciated length scales changing
from primarily 2 to 3 when V increases from 78 to 31S.
Previous numerical simulations have reported a maximum in v,
associated with the electroosmotic slip of fluid outside the
ESCL and its location is associated with the ESCL thicknesses
€.> At the conditions used to obtain Figure 2d, € ~ 8.6 ym;
the corresponding values are € &% 9 ym and € & 22.5 um for
the results reported in Figures 1b and 1d. It is therefore clear
that the experimentally determined first velocity maxima, v,,,,
are located well outside the calculated range for €. But, we find
that this first maximum in v in our case coincides with the
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highest root-mean-squared velocity and that its position is
comparable to the length scale of the smallest vortices
observed in the corresponding video. Due to linkage between
vortex size and v, we choose this as the velocity component
of interest to study the effects of other parameters.

The effect of V on vy, is reported in Figure 3a. It is seen
that for V < 230, the relationship is approximately linear, v, ~
V1. An analogous relationship has been reported in earlier
galvanostatic experiments in which the size of electro-
convective vortices scaled approximately linearly with
73931 At higher potentials, the voltage has a much
stronger effect on the velocity as seen in the inset in Figure 3a.
Experiments and simulations support the onset of chaotic
vortices at V > 50 which explains the increased convective flux
at the largest 222330 Figure 3b shows this effect of electrolyte
concentration, 0.1 M < ¢ < 0.1 mM, on v,,,,. The Debye length
5 scales with the concentration as 5 ~ ¢~/2, which at fixed V/
yields a scaling relationship, € ~ ¢/3. However, from Figure
3b it can be seen that v, is for all practical purposes
independent of c. Figure 3d shows the effect of salt
concentration on the I-V response. Over the voltage range
for which stable currents can be obtained, the electrolyte salt
concentration is observed to have a weak influence on the
normalized I-V curve.

We further measure the extent of electroconvection in the
chaotic systems which have multiple vortex sizes and peaks in
the velocity profile. Figure 3c shows a comparison for the
extent of convection as a function of voltage in 0.1 M and 0.1
mM CuSO, (details provided in the Supporting Information,
Figure S1). At lower voltages, the extent of convection for both
concentrations follows a linear scaling with potential. However,

current.
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as voltage increases the extent of convection becomes
independent of voltage for higher concentration (0.1 M) and
remains constant at roughly 400 pm from the surface.
Meanwhile for 0.1 mM, the extent of convection keeps
increasing linearly with voltage, and for voltages higher than
250 Vr, the flow occurs even beyond the experimental viewing
window. Previous studies have reported a linear scaling for
nonsheared electroconvection for steady vortex height, but we
find this scaling valid for chaotic electroconvection too.”*
Figure 4 shows a comparison of the vortex size distribution for

X position

115V

231V

uonisod £

0.001M

Figure 4. Vector maps of the flow for 115 V7 polarization (a—d) and
231 V7 polarization (e—h), at CuSO, concentrations of 0.1 M (a, e),
0.01 M (b, £), 0.001 M (¢, g), and 0.1 mM (d, h). Each plot’s vectors
size and color are nondimensionalized by the maximum magnitude of
that specific system. The sections with small/no vectors are regions
with significantly low flow. The bounds of the axis are 0—1300 ym in
both x and y.

different ¢ and highlights the marked effect of electrolyte
concentration. For example, at ¢ = 0.1 M, vortices remain small
and localized near the permselective interface (Figure 4a, e).
Additionally, irrespective of V, there is primarily only one
velocity maximum within approximately 30 pm from the
membrane surface. Looking further into the bulk there is a
large reduction in convective motion. As the concentration is
reduced, additional peaks in both v and u emerge. For ¢ = 0.01
M and 0.001 M, the first velocity maximum is observed further
away from the membrane surface as the smallest convective
roll propagates into the bulk to distances ranging from 15 to 75
pum. These high velocity vortices appear to bring more bulk
solution to the interface, which increases the effective mixing.
A second peak in v is also apparent, indicating that the flow
becomes multiscale. At even lower ¢ = 0.1 mM, both the first
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and second maxima are observed. Notably, at V> 200, a third
velocity maximum begins to appear in the 0.1 mM electrolyte,
showing convective flow further into the electrolyte bulk. The
appearance of this third maximum coincides with the transition
to a chaotic state, resulting in additional complexity of the flow
structure. The large scale of the convective vortex evident in
Figure 4h may also suggest the presence of flow beyond the
viewing window. Thus, while we are unable to confirm/
disprove the ¢™'/3 relationship between the location of the first
maximum in v and € suggested by numerical simulations, there
is a clear inverse relationship between the structure, complex-
ity, and reach of the electroconvective flow and c. We
compared the ratio of the position of these maxima to more
quantitively assess the influence of € on the structure of the
flow. For ¢ = 0.001 M the ratio of y,/y; (ratio of second peak
distance to first peak distance) is approximately 7, whereas at ¢
= 0.01 M the ratio is roughly 22, which is consistent with an
approximate scaling of ¢"/> or 6! identified from direct
numerical simulations.**

The multiple peaks in the velocity profile indicate the
coexistence of the electroconvective vortices of different sizes
and intensities. To quantify their contributions, we consider a
simple analytical model where the flow is driven by a
prescribed steady slip velocity of alternating signs at the
bottom surface (details provided in the Supporting Informa-
tion, Figure S2). The slip velocity is assumed to have simple
expression U(x) = sin(zx) and the rms of the velocities can be
easily found as u,,, = \/2/1 — myle™/2 and v = \/ﬂye_”y/Z.
As shown in Figure Sa, this model qualitatively agrees with the

1 1

(a (b)
Black: {/(x)=sin(x)
Red: Ux)=sin(x)+3sin(5x)
x)=sin(x)+7sim(3x)

0.5r 0.5r

U(x)=sin(x)
u,

Figure 5. (a, b) Root mean square of the velocity vector field
components driven by different steady slip velocities. (c) Vortex
structures induced by a slip velocity U = sin(x) + 7sin(Sx). (d) A
snapshot of the direct numerical simulation results of multiscale
electroconvective vortices.

experiment results as shown in Figures 1 and 2. To model the
multiscales in the electroconvection field, we consider a linear
superimposition of two slip velocities of different length scales
and intensities (Figure Sb). The corresponding flow field for
U(x) = sin(zx) + 7sin(Smwx) are shown in Figure Sc. The
structure of the flow assembles the direct numerical simulation
results (Figure Sd) using the same method in our previous
studies.” If the small-scale flow is strong enough, it leads to an
extra peak in the normal closer to the surface. The ratios of the
position and the magnitude of the two velocity peaks are
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directly determined by the wavelength and magnitude of the
imposed velocity, with y,/y, = 0.64/0.12 ~ § and v, /v, = 0.73/
0.1 ~ 7 for the velocity U(x) = sin(zx) + 7sin(Szx). With this
observation, we can estimate the vortices in our experiment. In
Figure 1b, the ratio between the first and second peaks are y,/
y1 ~ 300/50 ~ 6 and v,/v, ~ 8/6, while in Figure 1d, they are
¥,/y1 ~ 500/100 ~ 5 and v;/v, ~ 85/55 and are close to the
result in Figure 1b. These ratios are similar to the values
obtained from the numerical simulation. This also shows that
the cascade pattern of the multiscale vortices is not strongly
influenced by the voltage.

Bl CONCLUSION

In summary, we have visualized electroconvection at the
interface between a cation-selective membrane and a liquid
electrolyte. Through particle tracking, vector fields of the flow
patterns were developed and analyzed as a function of time to
study how the flow forms and grows. It is found that
electroconvection can occur simultaneously on multiple length
scales near permselective interfaces. The effect of increasing
potential is 2-fold, with both a velocity enhancement that
scales roughly linearly with applied potential and an increase in
flow complexity. The electrolyte concentration has a large
effect on the flow structure as quantified by the size ratio of
small-to-larger vortices, which has a scaling related to the
dimensionless Debye length. We also corroborate our
experimental results for vortex height ratios and distances to
numerical simulation results obtained from a simple model for
electroconvection.
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