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As the energy supply shifts from fossil fuels to inherently intermittent renewable energy
sources, such as wind and solar, improvements in energy storage are required. Electrical
energy storage in the form of rechargeable batteries can benefit greatly from a transition
to energy dense metallic anodes that require safe, reversible, electrodeposition over
many cycles of charge and discharge. In all currently used electrolytes,
electrodeposition is subject to three types of instabilities: chemical, morphological, and
hydrodynamic at both low and high current densities, which lead to complex transport
phenomena in the electrolyte and unstable deposition, including formation of ramified
structures known as dendrites. We focus on understanding the hydrodynamic instability
termed electroconvection. We have developed viscoelastic liquid electrolytes to
stabilize electroconvective instabilities near the electrode and improve deposit
morphology. These designs consist of high molecular weight polymers that are
entangled in common battery electrolytes. A key aspect of these electrolytes is the
decoupling of ion and momentum transport, in which the viscosity is significantly
enhanced while maintaining high ionic conductivities. These electrolytes have been

studied with a metallic electrode that is subject to morphological changes, and at a more



fundamental level, using ion selective membranes to isolate the hydrodynamic
instability. Through these techniques the convection was found to be arrested when the
polymer is present above its entanglement transition. This was further confirmed
through in-situ visualization coupled with particle tracking in which the polymer
significantly stabilized the motion near the ion-selective interface. The visualization was
expanded to understand the convective flow structure under a variety of applied
potentials and electrolyte concentrations. Through our particle tracking it has been
found that electroconvection occurs on multiple length scales simultaneously. It was
discovered that increases in applied potential both enhance the velocity and complexity
of the convective motions. Beyond this, decreases in concentration, accompanied by
larger Debye screening lengths, enhance chaos in the flow and impact the ratio of small

to large convective motions in the electrolyte.
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Chapter 1: Introduction
1.1 Cost Effective Storage of Electrical Energy

Substantial reductions in greenhouse gas emissions, including carbon dioxide,
are required to limit the harmful effects of global climate change. Renewable energy
sources, such as wind and solar photovoltaics, are compelling technologies to reduce
the carbon footprint associated with electricity generation. They have even begun to
rival fossil fuel derived energy on price per kWh [1]. However, these energy sources
are intermittent in nature making energy storage a necessity to transition our electricity
supply to these types of renewables [2]. Additionally, electricity generation accounts
for only 27% of our greenhouse gas emissions while transportation accounts for 28% of
the emissions in the United States [3]. Therefore, electrifying transportation and
enabling renewables with an electrical energy storage device, such as an energy dense
battery, can have a crucial impact on humanity’s carbon emissions.

Recent growth in the commercial battery market is overwhelmingly dominated
by lithium ion batteries. As materials advances in the anode, electrolyte, and cathodes
pushes this technology towards its theoretical capacity and charging speed limits, safety
concerns have intensified as manufacturers strive to achieve incremental performance
improvements. Consumers have been put in danger from short circuiting and thermal
runaway that lead to fires and explosions in these cells. Therefore, a new technology is
needed for continued improvements in the specific energy density and capacity of
electrical energy storage devices [4,5]. One intriguing possibility is a family of devices

that utilize a metallic anode instead of the graphitic host used in the lithium ion battery



[5-8]. Instead of intercalating into the anodic host material, the metal cations are directly
plated onto the anode; storing electrical energy in their reduced form. This simplicity
comes with the benefit of increased energy density; a rechargeable lithium metal battery
theoretically has 2-4 times the energy density of a lithium ion battery when paired with
an energy dense cathode material [6]. However, metal batteries come with a host of
issues that have limited their marketability up to this point. The main problem shared
by most technologies in this class come from the uneven deposition of the metal causing
non-planar deposits on planar substrates that, depending on the metal and deposition
conditions, may exhibit, whisker-like, moss-like, or fractal dendrite-like morphologies
[5]. Non-planar structures in any of these morphologies, loosely termed dendrites, will
overtime proliferate in the inter-electrode space inside a battery, which can pierce the
battery separator and cause a short circuit between the two electrodes. With flammable
electrolytes dominating this space, short circuits create a major safety concern. Another
difficult problem is apparent when using a reactive metal, such as lithium or sodium, in
which there is a continued reaction between the metal and the electrolyte components
[5-7]. This reaction depletes the electrolyte and reduces the coulombic efficiency of the
battery, causing its ability to store electric energy to deteriorate over time. The two
processes often work synergistically — uneven deposition results in more surface area
for the reaction, further depleting the solvent and salts, driving rapid failure of the
battery.

Rechargeable metal batteries encompass a wide array of chemistries that could
see potential uses in the commercial market. The subset of metallic anodes attracting

the greatest interest are Zn [8,9], Al [10,11], Li [5-7], and Na [12]. Zinc and Aluminum



are good prospects because of the low cost, material abundance, and compatibility of
these metals with aqueous electrolytes. Sodium and lithium are widely studied because
of the high theoretical energy densities when these metals are paired with a high capacity
cathode such as Sulfur or Oxygen. While the basics of the electrochemistry rely on
metal cations being reduced onto the anode, the origins of rough deposition in reactive
(Na, Li) and non-reactive (Zn, Al) metals are vastly different.

For reactive metals, a well-known problem begins when the metal electrode
comes into contact with the electrolyte. The highly negative electrochemical potential
at which the metal is reduced (e.g., Li* = Li ) in the storage reaction, place all
components of the electrolyte outside of their electrochemical stability limits, causing
immediate and complex reactions of the solvent and salt of the electrolyte in tandem
with the metal reduction process [5,6,13]. The byproducts of these reactions yield a
passivation layer on the metal surface known as the solid electrolyte interphase or SEI.
Because this process is typically spontaneous and uncontrolled, an inhomogeneous SEI
forms resulting in a heterogeneous distribution of high conduction pathways for cations
to reach the electrode. Nucleates are formed at these spaces and their growth results in
a rough mossy deposit [5].

For the non-reactive metals, dendrites are predicted to occur under conditions
where the battery recharge operation approaches the transport limit of the electrolyte
[14-16]. Specifically, for every electrolyte there is a maximum rate of diffusion of the
ions within the system. As the current/rate of recharge is pushed towards higher values,
this limiting current is approached and loss of the ions nearest the electrode as a result

of the electrochemical reduction reaction cannot be fully replenished by simple



diffusion from the bulk. This creates a situation in which there is a boundary layer of
depleted ions, known as the diffusion boundary layer [17,18]. Operated under these
conditions, protruding features (e.g., caused by roughness) of the metal electrode can
access more of the limited supply of ions and will grow at a faster rate relative to its flat
surroundings. Convection, as a result of depleted ions, can also transport ions
preferentially to these growing deposits [19-21]. As this process propagates further into
the diffusion layer the electric field lines concentrate to the tip and ions will
preferentially deposit onto the dendrite. These types of dendrites grow from the tip and
typically manifest as sharp tree-like structures. These structures can be seen in figure
1a,b for deposition of copper and zinc.

Interestingly, it has been reported by Bai et al. that when the operation of a
reactive metal anode is pushed to its diffusion limitations the unstable growth becomes
similar to that of the non-reactive metals [22]. This growth transition can be seen in
figure 1c. With similar effects for most metal deposition found under diffusional
limitations, we focus on reducing dendrite propagation within this high current regime.
Within this focus, the ion motion becomes more complex as new forms of transport,

such as hydrodynamic instabilities, impact the deposition morphology.
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Figure 1: a) Growth patterns of electrodeposited Copper from 0.05M CuSOQOg4 (aq) at
a polarization of -5.0V for approximately 8-10 minutes [23]. b) SEM image of
dendrites at the edge of zinc plated washers at 600mA/cm? [24]. c) Transition from
mossy lithium deposition to tip growing dendrites under diffusional limitations [22]

1.2 Hydrodynamic Instabilities

At ion-selective interfaces the current is traditionally thought to be limited by
the maximum rate of diffusion of ions to the surface [17]. This diffusion limited current
is given in equation 1, where J;;,,, Is the limiting current density, z is the valency of the
cation, F is Faraday’s Constant, D is the diffusivity, L is the interelectrode spacing, t,
is the transference number of the cation and C,is the concentration of the electroactive

species in the bulk.
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The ion selective surfaces at which these physics may occur extend well beyond those
of interest for energy storage. They include cation (or anion) selective membranes used
in desalination [25,26] and dialysis [27] or the selective surface may be a metal
electrode, used for electroplating [19,20] or an energy dense metal battery [5]. Based
on a limiting solution of the Nernst-Plank equations, conventional thinking is that the
limiting current would be maintained until the electrolyte is pushed beyond its voltage
stability limits. However, at large polarizations, ion transport rates well above the
diffusion limit (overlimiting conduction) were demonstrated in experiments performed
decades ago [28-30]. As the current surpasses the diffusion limit, the experiments also
report an increase in electric noise. These behaviors were first explained to be an
additional current resulting from the breakdown of the electrolyte solvent, namely the
dissociation of the water [29,31,32]. Another proposed explanation was the influence
of gravity on the electrolyte enhancing the transport [33]. However, these early
explanations have been progressively ruled out as more sophisticated analyses of results
from old and new experiments have been performed [34,35]. Rubinstein and coworkers
proposed a theoretical explanation that convective motions enhanced the transport,
yielding the overlimiting current seen in experiments [35-37]. In a simple, but clever
experiment, this explanation was verified by showing that the overlimiting conductance
and noise can both be shut down at high polarizations by immobilizing the electrolyte
near an ion-selective interface using a gel coating [38]. The generally accepted
justification for these behaviors is electroconvection, an electro-osmotic instability

resulting from concentration polarization at ion-selective interfaces. The convective



motions enhance the ion transport beyond simple diffusion through the formation of a
mixing layer.

There have been a variety of theories proposed to explain the origins of this
convective instability and the mixing it produces in electrochemical systems. The
current theories predict that convection is a result of the formation of an extended space
charge layer, many times the size of the equilibrium double layer [35,39,40]. For
applied voltages beyond the thermal voltage (kT/e = 25mV) ions begin to deplete at the
surface of the ion-selective electrode and form concentration gradients near the
electrode. As the voltage is increased further, a space charge layer forms from
differences in cation and anion transport [41,42]. While both diffuse to the surface, the
migration based on charge is opposite. For the example of a planar battery electrode at
which charge storage occurs by cation deposition, this would create a space charge layer
in which the cation concentration exceeds the anion concentration near the electrode.

At cell polarizations where the diffusional limit is approached, a region known
as the extended space charge layer develops with a size given by equation 2

ex~L (V8)%3 2)
From this equation it is apparent that the space charge layer thickness, €, is related to
— kT _ RT

the dimensionless voltage V = V /V;, (where the thermal voltage Vy = —= FT) and

dimensionless Debye screening length, § = 8/L [43]. For typical experimental systems
that will be explored in this thesis, this space charge layer can be as large as 10 um. At
a critical voltage (~8VT), variations in charge distribution and/or roughness on the
surface cause the space charge layer to impose a body force on the fluid, causing it to

appear to slip relative to the surface. The slip velocity is therefore related to a



summation of terms linear and quadratic in ¥V [37, 43]. Because of its similarity to the
apparent slip (electroosmotic slip) produced by the action of an external electric field
on the equilibrium space charge layer, this slip has been termed electroosmotic slip of
the second kind. However, while this definition captures the essence of the
hydrodynamics very close to the electrolyte/electrode boundary, it misses the
complexity of the flow field produced by interaction of an external electric field and the
non-equilibrium space-charge layer. Specifically, the fluid flow arising from this
interaction tends to develop as a cascade of pairwise eddy structures as shown in figure
2a, which grow outward from the electrode/electrolyte interface. While such a flow is
advantageous for enhancing ion transport in ion-flux limited processes such as
desalination, it is problematic for the situation of electrodeposition. Because of the
converging electroconvective rolls, ions are concentrated to points along the electrode
surface. Additionally, experiments have shown that the rolls focus the transport to the
tips of ramified structures as seen in figure 2b [19]. This tends to proliferate the
unsteady growth, in turn compromising the electrodeposit, which creates problems in
manufacturing or in the performance of a metal battery. Therefore, a more complete
understanding of the underlying physics is needed. We believe that once these physics
are in hand, rational approaches can be developed to either completely eliminate the
underlying instabilities when they are unwanted, or to selectively enhance them in

situations where they are beneficial.



1.3 Recent Developments

Overlimiting conductance has been studied for decades both in the context of
desalination and electrodeposition. While the preliminary studies explored the cause of
current exceeding the diffusion limit and the associated electric noise, more recent
advances in theoretical work, experiments and direct numerical simulations have been
able to more accurately probe the characteristics of the flow and to provide insights
about how one might go about designing electrolytes and interfaces for its control.

Theoretical efforts using linear stability and perturbation analyses of the coupled
Poisson Nernst-Planck and Stokes equations, have been reported that predict the eddy
formation process and the transition to full-blown hydrodynamic instability [35,43,

45,46]. These analyses rely on the existence of an extended space charge layer and take

CATHODE

Figure 2: a) Snapshots from simulated (top) and experimental (bottom) tracer particles at an
ion selective membrane (membrane is indicated by the yellow dashed lines). Simulations were
performed at 40V and experiments were done at a current density of ImA/cm? in 10mM
CuSOs4 g). Both techniques match qualitatively on the eddy structure of the convective flow
[44]. b) Top view of convective motion visualized with tracer particles for 10mM CuSO4 (ag)
with a current density of 4mA/cm? demonstrating the convection preferentially transporting
to the tips of growing roughness elements [19].



this layer as the origin of the electroconvective flow. While the simplest linear stability
analyses are able to predict the onset of electroconvection, analysis of the overlimiting
regime requires a nonlinear treatment. The earliest solutions of the nonlinear problems
utilized asymptotic approximations to solve the non-linear Nernst-Planck-Poisson
(NPP) equations [35,47]. However, more recent reports raise serious doubt about the
accuracy of the assumptions made to simplify the extended space charge layer [48].
These studies have found that with non-perfect ion selectivity at the interface, a different
type of convection, equilibrium bulk electroconvection, dominates [49,50].

Direct numerical simulations (DNS) provides among the most powerful
approach for understanding electroconvective flow and the hydrodynamic instabilities
that produce overlimiting conductance and electric noise [39]. Mani and co-workers
[48] for example developed a simple 2D simulation methodology that is able to solve
the NPP equations rigorously without assuming a form for the underlying space charge
layer. A highlight of the method has been the revelation of chaotic and multiscale flow
fields at ion-selective interphases[48]. Although these flows originate from the right-
hand-side of the linear momentum balance equations, from the coupling between the
ion concentration field and the spatially varying electric potential, they exhibit features
analogous to inertial turbulence. Importantly, DNS is also able to predict the two
signature features of the electroconvective instability (overlimiting conductance and
enhanced electric noise) observed in experiments [44].

These successes have motivated a number of DNS studies to probe the kinetic
energy and forces associated with the convective motion as well as ion concentrations

throughout an electrolyte with convection [51-53]. More recent efforts have shown how
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the method can be extended to 3D domain to capture physics present under analogous
conditions as those studied in experiments [51,54,55]. An interesting avenue for these
simulations is to test techniques to control the convection within a system of interest.
For example, work by Davidson et al. patterned a membrane surface with alternating
permeable and impermeable portions [44]. The net result, after optimizing the pattern
size was, that the transport can be enhanced beyond a fully permeable membrane,
despite some portions of the surface being impermeable to ion motion. This technique
is depicted in figure 3a. This technique has been tested experimentally and found to
qualitatively match the simulation results [56,57].

Another notable example where DNS has been applied as a complementary tool
to experiments comes from the recent work by Li et. al [58]. These authors coupled a
spectral analytical method to DNS to investigate the effects of electrolyte viscoelasticity
on electroconvective instability. An important finding from this work is that a
viscoelastic electrolyte created by dissolving high molecular weight polymers in a
simple liquid host stabilizes electrodeposition by introducing more unsteadiness in an
electroconvective flow. In particular, Li et al showed that polymer stretching can disturb
the vortex structure of the flow that causes ions to be focused to specific spots along an
electrode surface.

Experimental techniques able to probe these phenomena and their fluid dynamic
characteristics have developed significantly since the initial discovery. One early work
was able visualize flow fields with tracer particles in an electrodeposition experiment
[19]. This work established that both electroosmotic flows, due to electric fields, and

buoyancy driven flows, due to gravity acting upon concentration gradients, are relevant
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in many experimental setups. Additionally, it was found that these flows preferentially
transport to the tips of rough deposits and play a major role in electrodeposition studies
by altering the morphology of the deposit, shown in figure 2b. The first experimental
visualization of the flow fields on a membrane surface was made by Rubinstein and
coworkers in which polystyrene tracer particles were used to map the flow [59]. They
were able to confirm the eddy-like structures of the flow and show that the size grew
linearly with applied voltage. These results are shown in figure 4a. Studies have
continued to develop and uncover new information about the nature of this instability,
while still employing similar experimental cell setups and visualizing the motion of
tracer particles. Recent works have confirmed the linear dependence of roll size with
applied voltage [60,61]. This effect is shown in figures 4a,b in which the roll size grows
with voltage. Multiple studies have also used dyes that respond to ion concentrations,
which have enabled mapping of the concentration gradients with convective motions
[19,60,62]. Through these studies the ion depletion region is confirmed to grow as the
applied voltage grows. This technique has furthered the understanding of gravitational
effects by visualizing the depleted regions impact on buoyancy driven flows [19,62].
The effects of gravity are apparent in figure 4c in which the direction of the electric field

relative to gravity has a significant effect on the resulting convective flow.
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A (b)

(c) (d)

(e) ()

Figure 3: a) Snapshots of ion concentration fields for different membrane geometries
where the dark portions are impermeable to ion transport. The left column is simulated
at 20 Vrand the right column is at 60 V1 [44]. b) Plots of concentration with streamlines
demonstrating the flow at different polarizations and Deborah numbers. The polymer

extension (y/tr(A)/L is also highlighted for systems with a non-zero Deborah number
[58].
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Experiments have also been devoted to controlling these flows. The patterning
effects that were derived from simulations have been studied experimentally. Both by
patterning the transport length scales along a membrane and printing impermeable
microgel patterns onto the membrane, the enhancement of transport that was predicted
in simulations was verified [56,57]. A report by Wei et. al was able to demonstrate that
viscoelastic electrolytes were able to delay the onset of electroconvective instabilities
[63]. Through this they demonstrated these electrolytes were able to have stabilizing
effect on the deposit morphology of Na and L.i.

Even with the significant development in both aspects, comparisons between
simulations and experiments have been limited thus far. There has been qualitative
agreement between the flow images derived from simulations and experimental data,
albeit under different conditions [44]. Additionally, the current and voltage data shows
good agreement between these studies [39]. One of the main issues in connecting these
two methods is a mismatch in the available length scale of the Debye layers. The Debye
layer size, which is a function of electrolyte concentration, can be non-dimensionalized
by the electrode gap in the cell. This dimensionless Debye layer size, §, is typically on
the order of 5x10° for an experiment in which the electrolyte concentration is 0.1M. If
the concentration is dropped further to 0.1mM the theoretical § becomes 10°. In
simulations, achieving small Debye layers is computationally difficult and has been
limited to § > 10 [39]. Therefore, while qualitative comparisons can be made between

these two methods there is a significant

14



membrane membrane

-850's

=“50pm’s .1 05 0 05 1 ROT-Z[l5s)

Figure 4: a) Time lapse images of tracer particle motion showing streamlines of
convective flow for 0.0IN CuSOgs q). These images demonstrate the growth of
convective rolls with voltage [59]. b) Vector maps of convective motion from particle
tracking at different times in a 10mM CuSOgs (q) electrolyte. A constant current
density of ImA/cm? is applied and the voltage grows with time as the concentration
polarization drives higher resistances [61]. c) Snapshots of particle motion (left
column) and vector maps (right column) for 10mM CuSOg (ag) under a current density
of 2.96mA/cm?. The top figures are for the electric field (1) and gravity () in opposite
directions and the bottom figures are for the both in the same direction (|) [62].
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gap in the ability to make quantitative comparisons without merging these length scales.
Beyond that real experimental setups incorporate many non-idealities that are not
accounted for in simulations. The visualization of flow is dependent on mapping tracer
particle motion, but these tracers typically have some associated charge that can impact
the flow and will respond to gravity if densities are not matched appropriately. Beyond
this the true 3D convective rolls in experiments are deformed by gravitational
influences.  Further development in both areas is required to make quantitative
comparisons and merge the understanding from both systems.
1.4 Outline

Many of the previous studies in the field of electroconvection have been devoted
to desalination membranes and the role convective transport can play in that process.
Beyond that the comparisons between simulation and experimental based studies have
been limited. The goal of this thesis is to expand on those works with techniques that
are fundamentally able to understand and control the flow in the context of metal
electrodeposition. The control of convection both experimentally and in simulations
has mostly been limited to the patterning of a membrane structure to enhance transport.
This patterning method focuses convective transport to specific areas on the ion
selective surface. This is highly advantageous for desalination where enhanced
transport is the main goal and the localization of the ion transport will not hinder the
performance of the process. However, in an electrodeposition process this focusing of
the ion transport will be highly problematic as it will generate roughness elements.
Patterning an electrode in a metal battery will inevitably increase the current density at

the conductive portions, which is well known to enhance roughness as well. Studies of
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a different control mechanism is necessary for the situation of electrodeposition.

The experimental visualization of electroconvection has been developing since
the first study decades ago. Since then, studies have been able to confirm the growth of
velocities and vortex sizes as functions of the voltage across a cell. Additionally, the
time dependence of these flows has been analyzed. Dyes have even been used to
visualize the ion concentration gradients that result from convective vortices. However,
there is still a lack of connection from these experimental studies to direct numerical
simulations of the systems. One main reason is the lack of overlap between the Debye
length scales used. Experiments have been limited to small Debye length scales with
constraints on electrolyte concentration and simulations have been limited to large
Debye lengths with computational constraints. While a 1:1 comparison may not be
currently feasible, understanding the effect of varying Debye lengths in experiments can
allow for extrapolation to situations that can be modeled in simulations. Extracting data
from these experiments that can be relevant to simulations, such as flow vectors and
scaling laws, eases the comparisons that can be made.

In the following chapters | will lay out two studies in which | was able to
fundamentally understand the effect of viscoelastic electrolytes on electroconvection
and visualize the effects of Debye length and applied voltage on the structure of the
convection. In Chapter 2, I will demonstrate that | was able to create viscoelastic liquid
electrolytes in which momentum and ion transport were decoupled; the electrolytes had
a high viscosity and liquid-like conductivities. These electrolytes consisted of high
molecular weight polymers (~1 MDa) dissolved in carbonate-based lithium electrolytes.

These electrolytes were tested to find the impact of polymer concentration on

17



overlimiting conductance. These tests were employed both in coin cells that utilized a
metal electrode in which ions deposited and an ion selective Nafion-membrane to avoid
a moving boundary that can impact the flow. The electrolytes were found to completely
suppress an overlimiting conductance regime above the entanglement concentration of
the polymers in both scenarios. This was verified in an experimental setup in which the
convection was visualized. The speed of tracer particles in the system was found to
reduce by an order of magnitude when the polymer additive was introduced. The
motion was additionally found to be much less chaotic for the higher viscosity
electrolyte. Through this technique of controlling the convection it is hypothesized that
deposition roughness can be mitigated with the addition of high molecular weight
polymers into electrolytes.

In Chapter 3 | expand upon the visualization studies to characterize the
electroconvective flow structure of an aqueous copper electrolyte. This flow structure
was studied over a range of voltages and Debye lengths to further the experimental
understanding and create a better connection to numerical simulations. The convection
was visualized at an ion selective Nafion membrane with neutral tracer particles and the
particles were tracked using Particle Image Velocimetry. Vector fields were extracted
to determine the effects of both voltage and electrolyte concentration on the resulting
convection. The peak tangential velocity was found to scale approximately linearly
with the applied potential. For higher applied potentials, the complexity of the flow
structure was enhanced as multiple length scales of the flow were present. Changing
the concentration has very minor effects on flow speed but reductions in concentration,

accompanied by increases in Debye length, yielded more chaos in the flow. These larger
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Debye lengths were found to incorporate more eddies sizes that propagate into the bulk.
The ratio of small to large eddies is found to be a function of the dimensionless Debye
length, §*. This work was able to study the flow characteristics over a range of Debye
lengths and applied potentials to enhance the comparisons that can be made between
simulation and experimental based studies, and further the understanding of

electroconvection that can happen in a variety of systems.
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Chapter 2: Electrokinetics in Viscoelastic Liquid Electrolytes Above the

Diffusion Limit

2.1 Introduction

Electrodeposition of metals is a fundamentally unstable process at high ionic currents.
Its stability has been studied for over one hundred years in the context of electroplating
but has reemerged in recent years as a crucial impediment to next generation batteries
that utilize high capacity, energetic metals such as zinc, aluminum, and lithium as
anodes [1]. At high rates, recharge of any of these metals produce concentration
polarization in liquid electrolytes, which is known to drive a hydrodynamic instability
termed electroconvection. Early work has shown that the instability causes nonuniform
transport of metal cations to the interface, leading to the rough electrodeposits loosely
termed dendrites during battery charging [2-4]. Concentration polarization in an
electrochemical cell is a consequence of selective reduction of cations at the anode
surface, which depletes cations from the electrolyte. Local charge balance requires
diffusion of cations from elsewhere in the cell to compensate the depleted charge.
Charging a battery at current densities that exceed the diffusion limit therefore produces
a region near the electrode termed the extended space charge regime, in which
electroneutrality cannot be maintained at all times [4,5], and which extends much further
into the electrolyte bulk than the equilibrium space charged formed at the interface
between any charged substrate in an electrolyte.

A similar process has been studied at interfaces formed between cation-

selective/exchange membranes that restrict the passage of anions [6]. In this latter case,
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formation of the space charge is decoupled from the boundary condition at the interface
and the consequences of the space charge region on the local electric field, fluid
trajectories, and ion migration profiles can be analyzed in greater detail. On the basis
of theory [7,8], numerical simulations [9,10], and a limited set of experiments [11,12]
current thinking is that the large and non-uniform electric field required to maintain an
imposed current/ion flux through the space charge region couples with the charged fluid
to create a body force that drives fluid motion in the cell. This force is analogous to that
which drives electroosmotic flow in any electrolyte when an external electric field
interacts with the equilibrium space charge formed at an electrified interface immersed
in a liquid electrolyte, and the convective rolls it produces have been termed
electroosmotic flow of the second kind [7,13]. Because electroconvective rolls
preferentially transport ions to the tips of dendrites and increases the roughness of
electrodeposits [2,8,14], they also exacerbate morphological instabilities known to
produce rough dendritic electrodeposition of metals.

Polarization of the ion distribution in a liquid electrolyte produces density gradients in
the electrolytes, which under the action of gravity can complicate experimental analysis
of electroconvection. The orientation of gravity relative to the electric field provides a
relatively straightforward empirical constraint for limiting/increasing the influence of
gravity [15]. In the gravitationally stable configuration, the imposed electric field in
the cell is opposite to gravity, meaning that density gradients limit the extension of
electroconvective flow patterns. The opposite is true for the gravitationally unstable
configuration, in which gravity can facilitate the destabilization of electroconvection.

The importance of gravitational forces relative to the viscous forces that must be
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overcome to produce fluid motion as a result of ion electromigration can be quantified
in terms of the nondimensional Rayleigh number, Ra = BAcgL3/vD. Here, B is the solute
expansion coefficient, L is the gap between the electrodes of interest, g is the
acceleration due to gravity, Ac is the change in concentration, and v and D are the
kinematic viscosity and diffusion coefficient, respectively. For Rayleigh numbers
greater than a critical value of approximately 1,000, gravitational effects cannot be
ignored.

Here, we investigate the effects of high molecular weight polymer additives on the
stability of this second kind electroosmotic flow. Our study is motivated by recent
experiments by Wei et al.[16], which show that at concentrations as low as 4% by
weight, high molecular weight polymer additives in liquid electrolytes impart
viscoelasticity to the electrolytes, which suppress hydrodynamic instability during
recharge of a metal electrode in liquid electrolytes. Here we wish to remove
complications arising from changes in the boundary condition at an advancing metal
electrodeposit front, to facilitate more detailed understanding of the role electrolyte
viscoelasticity plays in regulating electroconvection at interfaces formed between an ion
selective membrane and liquid electrolyte. As in the study by Wei et al. [16], we will
show that at sufficiently high polymer additive molecular weights where polymer chains
entangle in solution, the polymer additive has a much larger effect on momentum
transport in the electrolyte, in comparison to its impact on ion transport. The large
increase in viscosity and elasticity imparted by the polymer are further shown to extend
the limiting current plateau in electrokinetics experiments and dramatically reduce the

intensity of electroconvective flows. Both effects are, in turn, shown to be insensitive
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to electrolyte or polymer chemistry. Our results, therefore, imply that provided the
selected polymer additive is electrochemically stable at the measurement conditions,
any long-chain polymer with the ability to entangle at low concentrations to maintain
high ionic conductivities while imparting viscoelasticity to the electrolyte should
suffice.

2.2 Results and Discussion

Aprotic liquid electrolytes composed of a 1:1 volume ratio mixture of ethylene
carbonate (EC) and propylene carbonate (PC) containing 0.1M and 1M Lithium
bis(trifluoromethane)sulfonimide salt were used in the majority of the studies reported
in this paper. An electrochemically inert polymer poly(methyl methacrylate) (PMMA)
(Mw = 0.996 x 10° g/mol), was dissolved in these electrolytes to create viscous liquids
with polymer concentrations up to 10 percent by weight. Electrokinetics in the resultant
viscoelastic liquid electrolytes were studied in two electrochemical cell geometries: (i)
symmetric Li||Li cells (figure 9a) in which PTFE (Teflon) washers with thickness of
0.8mm were used as spacers between the electrodes; and (ii) asymmetric Li||Cu cells
(figure 10a) in which a Nafion NRE 212 cation-selective membrane (Sigma Aldrich)
was placed on top of the copper-facing side of the PTFE washer. In either geometry,
current voltage profiles were recorded from time-dependent voltage ramp
measurements using a Maccor Series 4000 Battery Tester. Rheological properties of all
electrolytes used in the study were investigated in a small-amplitude oscillating shear
using an Anton Paar MCR Rheometer outfitted with cone and plate fixtures with a fixed
cone angle of approximately 1°. The D.C. ionic conductivity of the electrolytes was

measured as a function of polymer concentration using a Novocontrol N40 Broadband
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Dielectric Spectrometer at temperatures in the range 10°C -95°C. Electrokinetics studies
were complemented with flow visualization of polystyrene tracer particles (average
diameter = 10um) dispersed in aqueous 10mM CuCl; electrolytes containing 0, 0.5 and
1wt% of an ultrahigh molecular weight PEO (M = 8*10° g/mol). Measurements were
performed in an optical cell (figure 12a) composed of 0.55mm thick copper electrodes
at a fixed gap separation of 1.25cm. Voltage control for these experiments was achieved
using a Neware CT-3008 Battery Tester.

We investigated electrokinetics in the aprotic liquid electrolytes by recording the
current-voltage (i-V) profiles as a function of polymer concentration. In these tests a
longer plateau in the diffusion limited regime signals a suppression of convection. On
this basis we show later that it is possible to extend that stable voltage window to
arbitrarily high values (in many cases to values outside the electrochemical stability
window of the electrolyte solvent) by simply increasing the concentration of polymer.
Our goal is to perform experiments where transport effects dominate electrochemical
changes at the electrodes, which requires conditions where the diffusion boundary layer
thickness spans much of the inter-electrode space. To achieve such conditions, we
imposed voltages in the range of 0V to 5V (the upper limit for electrolyte breakdown)
in a step-ramp protocol (each step lasted for 5 mins shown in figure 9) and recorded the
average current at the end of each step.

The cell configuration depicted in figure 9a was used to represent a system in which
morphological changes associated with metal deposition influences the boundary
conditions experienced by an electrolyte in the electrokinetics studies. This couples

both the hydrodynamic and morphological instabilities associated with high current
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deposition of metals. These experiments were complemented with others in a second
cell configuration (see figure 10a) in which a lithium metal counter electrode was used
as a supply of lithium ions and a Nafion™ membrane used as an ion selective
membrane, to study the depletion of the ions without the possibility of morphological
instabilities. To fully understand the extent to which a viscoelastic electrolyte can
stabilize electroconvection, all cells were mounted in the gravitationally unstable
configuration.

At the lower salt concentration of 0.1M LiTFSI the Rayleigh number is approximately
unity at 10wt% PMMA, 200 for an electrolyte with 5wt% PMMA, and 2.1*10° for the
control. The resulting i-V curves obtained from the symmetric cell experiments are
reported in Figure 5a. It is apparent that for electrolytes with polymer concentrations
under 3.5wt% the current begins to diverge with polarization under 1V. Furthermore,
at higher polymer concentrations the diffusion limited plateau is seen to be extended.
Figure 5b investigates the effect of electrolyte viscosity on the width AV of the
diffusion-limited transport regime. The results show that a rough scaling relationship
AV ~n°3 can be defined for the first four points, after which the voltage window is
determined by the end point of the test. However, the expectation is that the effect of
viscosity saturates above the 5%. This two-stage relationship between AV and n is
also evident in the earlier study by Wei [16], but is in closer accord with expectations
from our recent theoretical study of electroconvection in entangled polymers, where
AV was shown to exhibit a progressively weaker dependence on n (from AV ~

n%to V ~nY) as the localized (on length scales of order the solution correlation

length) drag chains exert on an electrolyte solvent are made progressively smaller[17].
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Figure 5: a) Current voltage diagrams obtained using symmetric lithium Li||Li cells and
aprotic liquid electrolytes with varying PMMA concentration. Even at relatively low PMMA
concentrations, large enhancements of the width of the diffusion-limited ion transport plateau
are observed. b) The voltage window or length of the plateau region from the current voltage
diagram is plotted as a function of the electrolyte viscosity. The red line is a best-fit to the
data and supports the relationship AV ~ n%3. ¢) Current voltage diagrams obtained using
Li||Cu cells with an ion-selective membrane used to isolate hydrodynamic effects from
morphological changes at the electrode. d) The conductivity and limiting current measured
as functions of polymer concentration. It is evident that while the bulk conductivity of the
electrolyte remains relatively constant, the limiting current is largely reduced at polymer
concentrations above the entanglement threshold (~5%).

Figure 5¢ shows the results for the analogous experiment where an ion selective
membrane is employed. Here we normalized the recorded currents by the empirical or
calculated diffusion limiting current to facilitate the comparisons. In this presentation,
any value of the normalized current density that exceeds 1 would be defined as an

overlimiting current. For polymer concentrations below 3.5wt%, we find that
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overlimiting conductance proceeds essentially unchecked by electrolyte viscoelasticity,
however, for PMMA concentrations of 3.5wt% and higher, the diffusion-limited plateau
is extended indefinitely (at least up to 5V, where the electrochemical stability of the
electrolyte solvent limits the experiment). Our findings imply that overlimiting
conductance is essentially eliminated at an ion selective membrane in electrolytes above
the concentration which will be shown to be near the entanglement threshold. Results
reported in figure 10b, show that this effect is sensitive to the electrolyte salt
concentration and the PMMA concentration at which overlimiting conductance is
arrested shifts to higher values at higher salt concentrations. This finding is consistent
with our recent findings from direct numerical simulations of viscoelastic liquid
electrolytes that the magnitude of the electroconvective slip velocity rises as the Debye
screening length in the electrolyte becomes smaller [18]. We hypothesize that polymer
elasticity is effective in suppressing hydrodynamic instability, which is considered
responsible for overlimiting conductance.

As a first test of this hypothesis, we compare our findings with a recent theoretical study
where we employed linear stability analysis of a two-fluid polymer model to determine
the effect of entangled polymers on the hydrodynamic, as well as coupled
morphological and hydrodynamics, instability [17]. In qualitative agreement with the
experimental observations, the theory shows that entangled polymers suppress
hydrodynamic instability by selectively imposing stronger drag on the electrolyte
solvent than on ions in solution. Support for this framework in turn comes from Figure
5d where we report limiting currents and conductivities for the range of polymer

concentrations studied. For the control and weakly entangled electrolytes, where
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overlimiting conductance is strong and a clear diffusion-limited current plateau is not
observed, the limiting current values correspond to the theoretical limiting current
deduced from the measured electrolyte conductivity, which are generally higher than
the measured values in simple Newtonian liquid electrolytes [19,20]. The results show
that both the limiting current and conductivity are weaker functions of polymer
concentration than the electrolyte viscosity, consistent with the two-fluid framework
upon which the linear stability analysis builds.

The physical properties of the designed electrolytes were evaluated using a suite of
analytical methods. Figure 6a reports the dynamic storage (G”) and loss (G”) moduli of
the electrolytes at 25°C as a function of polymer concentration. Analysis of the results
for the 0.1M LIiTFSI electrolytes reveal that above a concentration of approximately 5
weight percent of the PMMA the loss modulus surpasses the storage modulus at high
frequency. This implies that our electrolytes transition from nominally viscous liquids

(G” > G’ over the full frequency range explored) to viscoelastic fluids, wherein G >
G” only at higher . The transition from liquid to viscoelastic fluid behavior can be

used to infer microscopic information about the configuration of the polymer chains in
solution; it may be used for example to deduce that above a polymer concentration of

5wt% the PMMA chains form physical entanglements in the electrolyte solution [21].
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Figure 6: a) Frequency-dependent storage (G”) and loss (G’”) moduli deduced from small-
amplitude oscillatory shear rheology measurements using 0.1M LiTFSI in EC/PC aprotic
liquid electrolyte with varying PMMA concentration. The G’ for the 2.5% electrolyte are not
shown because the measured values are below the detection limit of the rheometer used in the
study. b) Shear rate sweep rheology of the same electrolytes demonstrating that as polymer
concentration increases there is a transition from Newtonian to non-Newtonian shear thinning
rheological behavior. ¢) The dependence of electrolyte relaxation time and viscosity as a
function of polymer concentration.

The apparent viscosity of the electrolytes was determined using a shear rate sweep
rheological method in which electrolyte solutions are subjected to a constant shear rate
at 25°C and the long-time/steady-state viscosity at each rate is measured. Results from
these experiments are reported in Figure 6b and show that for polymer concentrations

above 5Swt% the electrolytes transition from a Newtonian fluid state (wherein viscosity
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is independent of shear rate) to a non-Newtonian, shear-thinning state in which the
viscosity decreases with increasing rate. The time scale for

polymer relaxation can be extracted from the inverse of the frequency at which the loss
and storage moduli crossover in the previous oscillatory shear measurements [22,23].
Figure 6c plots this time scale and the Newtonian viscosity of the electrolytes as a
function of polymer concentration. Above the critical concentration of 5wt%, the
characteristic polymer relaxation time and viscosity follow the relationships, A ~ ¢*9!,
and m ~ 3%, respectively. These power-law scalings are slightly higher than those
reported previously [24,25] , but are consistent with our microscopic picture that above
a concentration of approximately 5wt%, the PMMA chains in the electrolyte form an
entanglement network that produces the large enhancements in fluid viscosity.

The conductivity of the electrolytes are reported in Figure 7a. The solid lines through
the data are best fit curves obtained using the VFT equation [26]; the apparent activation
energies extracted from the fits are reported in figure 11a. Comparing the effects of
polymer concentration on conductivity and viscosity (Figure 7b), it is clear that the
conductivity remains relatively constant while the viscosity increases significantly at
high polymer concentrations. It is also significant that the activation energies deduced
from the VFT fits of the temperature-dependent conductivity also remain relatively
independent of polymer concentration. We interpret these observations to mean that the

polymer additives have little impact on ion motion in the system.
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Figure 7: a) D.C. conductivity of electrolytes as a function of temperature. The red lines
are VFT fits for the conductivity data. b) Conductivity and viscosity represented as a
function of polymer concentration. It is evident that the conductivity decrease is relatively
small compared with the large increase in viscosity as polymer concentration increases. c)
Voltage divergence time (for constant current tests) shown as a function of current density.
The red lines are guides for the theoretical relationship of tsv ~ J 2. d) Results of fitting the
current density exponent for the different concentration of polymers. Theoretically the
exponent should be -2 and this is best shown for high polymer concentration and the 1M
concentration of salt.

The most straightforward approach for characterizing ion polarization at an interface is
to measure the voltage required to maintain a specified (controlled) current density as a
function of time. For current densities above the diffusion limit, ion polarization causes
the voltage to diverge on a certain current-density dependent timescale termed the
Sand’s time [27,28]:

¢ _ (ZCCOF)Z
sand = T 4Uta)2
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Here D is the diffusion coefficient, z¢ is the cation charge number, co is the bulk
concentration, F is faraday’s constant, J is the current density, and ta is the anion
transference number. The coin cell configuration depicted in supporting figure 9a was
used to characterize voltage versus time profiles. After a certain period of time, the
voltage begins to diverge, an example plot is shown in figure 11b. By performing these
chronoamperometric measurements for electrolytes over a range of polymer
concentrations and current densities, the voltage divergence time tqiv was determined for
a range of electrolyte compositions and at various current densities (Figure 7c). The
lines through the figure are provided as guides to the eye to aid visual comparison of
the measured versus current density with the theoretical scaling, toiv = fsand ~ J 2,
expected from the definition of the Sand’s time at which polarization of the electrolyte
leads to a deficit of anions at the electrode surface. For both salt concentrations studied,
the measured tqiv is observed to decrease in proportion to the electrolyte viscosity but
decreases much faster than expected from the electrolyte conductivity, implying that the
Nernst-Einstein relationship breaks down in these electrolytes. More quantitative
comparisons of the scaling exponents are provided in Figure 7d where it is observed
that agreement between the measured and predicted exponents is best in electrolytes
with 1M salt concentration and at higher polymer concentrations. This establishes that
even with the addition of polymers, ions deplete at the surface in a predictable manner.
As a more concrete assessment of our hypothesis that polymer elasticity suppresses
hydrodynamic instability of liquid electrolytes at ion-selective interfaces, we turn to
direct visualization studies of electrolyte dynamics. For this purpose, we constructed

an optical cell (see figure 12a) and employed tracer particle velocimetry to directly
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analyze fluid motions near ion-selective interfaces. Because these experiments require
long data collection times and large throughput of metal, they cannot be performed
safely using Li electrodes. Here we instead utilize copper as the working electrode and
an aqueous copper electrolyte. The rheological properties of these electrolytes are
similar to the lithium electrolytes studied (figure 12b,c) with an entanglement transition
between 0.5wt% and 1wt%. Experiments were performed at voltages varying from
0.25V to 5V between copper electrodes with Nafion™ employed as an ion-selective,
separating membrane. By visualizing particle trajectories at the electrolyte/ Nafion™
interface over a range of voltages, it was possible to characterize how the hydrodynamic
instability develops and what role electrolyte viscoelasticity plays in that development.
Videos from 0-1wt% polymer have been taken, which clearly show that strong
convective motions emerge in the quiescent liquid electrolyte. The main features of this
motion are illustrated in Figure 8a using maps of the particle velocity profiles for the
control electrolyte at 5V. The results clearly show that strong convective rolls develop
quickly at the interfaces and that there are two distinct length scales in which the
convection manifests. Large macroscopic rolls, comparable in size to the inter-electrode
spacing, coexist with smaller, turbulent flow structures localized near the interface and
in which the fluid velocity is higher, fluid trajectories more variable in space and time,
and fluid flow lines exhibit higher curvatures. The larger roles are consistent with
observations from previous direct numerical simulations by Mani’s group [9,10]. These
effects can be compared to those seen in Figure 8b for the same polarization but with
the addition of 1wt% PEO. For the same elapsed time (3 minutes) there is significantly

more motion and turbulence for the control case. Visual inspection of the videos clearly
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show that the electrolyte viscoelasticity has a more obvious effect on the large rolls than
on the smaller, more turbulent features. To quantify this effect, we report in Figure 8c
the average velocity deduced from the videos using Trackmate software [29] at various
potentials and polymer concentrations. The results demonstrate that as polymer
concentration increases, the velocity of the resulting convective rolls decrease by more
than one order of magnitude. The results show further that as the polymer concentration
increases a higher voltage is required to initiate electroconvection, which explains the
extension of the diffusion-limited ion transport regime observed in the previously shown

i-V curve.
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Figure 8: a,b) Example velocity maps for control and 1wt% PEO respectively under 4V
polarization. Both maps encompass 3 minutes of particle tracking, which exhibits the
significantly higher motion and turbulence in the control relative to the 1wt% polymer. c) The
average particle velocity as a function of voltage for 0, 0.5 and 1wt% PEO in the system. For
each voltage the control case has higher velocities and it is even more evident when turbulent
convection sets in at 3V.

2.3 Conclusions

Next generation batteries that contain metal anodes require electrolytes that have high
conductivities, are chemically and thermally stable at high voltages, and which provide
fundamental mechanisms for stabilizing intrinsically unstable electrodeposition at high

current densities. We report that addition of high molecular weight polymers to either
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aprotic liquid or aqueous electrolytes provides a facile method for imparting
viscoelasticity to these electrolytes while minimally impacting conductivity. At
moderate polymer concentrations, analysis of the i-V curve for viscoelastic electrolytes
bounded either by metal or ion-selective polymer interfaces show that the diffusion-
limited transport regime can be extended indefinitely and that overlimiting conductance
can be completely suppressed in electrochemical systems where coupling between
morphological and hydrodynamic instability is eliminated. Finally, by directly
visualizing the motions of micron-size, neutral tracer particles in the electrolyte bulk
and near ion-selective interfaces, we report that hydrodynamic instability leads to
qualitatively different electroconvective flows on small and large length scales. We also
find that the average fluid velocity in an entangled polymer electrolyte is lowered by
more than one order of magnitude, with the largest suppression occurring at the highest

cell voltages where hydrodynamic instability is strongest.
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2.5 Supporting Information
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Figure 9: a) The electrochemical cell design to allow for free convection in the
electrolyte. The symmetric lithium electrodes are separated by a 0.8mm Teflon
washer that is filled with electrolyte. b) The current density as a function of time
for the creation of current voltage curves. The current density at the end of each
5 minute voltage step was used to create the current voltage curves.
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Figure 10: a) A new cell design that was used to test current voltage curves for
an ion selective membrane. The cell design is very similar to the symmetric cell
except a Nafion membrane is used in place of the rough lithium deposition. The
top electrode was designed with a conductive copper center surrounded by
PDMS to prevent growth of dendrites outside the confines of the washer b) The
current voltage curve for the 1M LiTFSI electrolyte with the current normalized
to either the experimental or theoretical (if no experimental could be determined)
limiting currents. When compared to the 0.1M electrolyte a higher polymer
concentration is needed to suppress the convection.
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a function of current density for the 1M LiTFSI in EC/PC electrolyte.
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Chapter 3: Dependence of Electroconvective Flow Structures on Voltage and

Debye Length

3.1 Introduction

Electric field-driven transport of ions in an electrolyte bounded by at least one ion-
selective planar interface (e.g., the metal electrode in an electroplating process [1,2] or
in a high-energy density battery[3] or the cation (or anion) selective membranes used
for dialysis [4] or water desalination[5]), is conventionally thought to be limited by

electroneutrality. In particular, when the ion depletion rate at the interface exceeds the

4zcFD.
IS

rate of resupply from the bulk electrolyte, a diffusion limiting current, i, =

reached, wherein any additional flux of ions across the interface is resisted by a large
electric field that preserves electroneutrality[6]. Here ¢, z, and D are the salt
concentration, mobile ion valency, and diffusivity respectively; L the inter electrode
spacing, and F is Faraday’s constant. A significant body of early work showed that
currents appreciably higher than i, can be sustained by driving the operating potential
in the cell to values substantially above the thermal voltage, V; = kT /e [7-9].
Complications associated with faradaic currents produced by redox chemistry of water
initially prevented a full understanding of the origins of such overlimiting conductance
[8, 10-11]. Itis 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 [12-14]. The resultant convective motions are

thought to generate a mixing layer that enhances the ion transport beyond diffusion
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limitations. These physics have been confirmed in experiments in which the
overlimiting transport can be removed by immobilization of the diffusion layer [15].

Early theoretical studies show that electroconvection is formally the result of
hydrodynamics produced when an extended space charge layer (ESCL), many times the
length of the equilibrium double layer, forms at the ion-selective interface and couples
to local electric fields to drive fluid motion. These arguments lead to a relationship

between the thickness of the ESCL, ¢, and both the relative voltage, V = V /V;, and

Debye screening length, § = 8/L : € ~ L (7$)?" [16]. It has more recently been shown
by theoretical and direct numerical simulation studies that at voltages less than around
8 Vr electroconvection manifests as vortex structures that initiate at the ion-selective
interface and ultimately grow into the inter-electrode space to enhance mixing within
the electrolyte [17,18]. At much higher voltages, numerical simulations show further
that the electroconvective flows become multiscale and chaotic [19,20].

Here we develop and use an in-situ particle tracking methodology to experimentally
reveal how the structure of electroconvective flows near ion-selective interfaces evolve
with variables such as electrolyte concentration and applied potential. Some
experimental and simulation studies have focused on ways to control the
electroconvection, either through imparting electrolyte viscoelasticity [21-23] or
patterning the membrane surface [24]. A motivation for the present study is that better
techniques may be developed with a more complete understanding of the flow. While
experimental studies have shown the dependence of roll size and speed on the applied
potential, an experimental understanding of the multiscale natures of these flows is yet

to be explored [12, 25-27].

54



3.2 Results and Discussion

The main results reported in the letter are summarized in Figure 13. The figure reports
gross features of the electroconvective flow generated in a dilute aqueous copper sulfate
solution near an cation-selective, Nafion™, interface at large V values, using both
vector maps (Fig. 13a, c) and in terms of profiles of the root mean squared component
of the velocity (v) parallel to the electrode surface (Fig. 13b, d). The results in the latter
figures capture at least three salient features of the electroconvection, which to our
knowledge have not been experimentally studied. We outline these features first and
discuss them in greater detail in the subsequent sections of the Letter. 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 equilibrium space
charge thickness, €. The size of the maximum is a strong increasing function ¥V ;
increasing nearly ten-fold for a four-fold increase in V. Second, the RMS velocity
decays slowly with distance from the interface, and a rather substantial convective flow
is apparent even on length scales order 1mm from the ion-selective membrane surface.
Finally, the flow is clearly structured, with a typically undulating velocity distribution.
We note that the structuring becomes more distinct at higher values of 7. Comparisons
with streamline plots and inspection of videos, reveal that the peaks in the v-component
of the velocity correspond to the edges of different sized eddy structures; with the
number of associated length scales changing from primarily two to three when ¥V

increases from approximately 78 to 315.
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Figure 13: Effects of voltage on the electroconvective structures in 0.001M CuSO,
(a0) electrolytes for a 2V (a), (b) and 8V (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.

The measurements reported in Figure 13 were obtained by first recording the motions
of 3um diameter spherical, colored polystyrene tracer particles using an Olympus BX51
optical microscope equipped with a CCD camera. Interfacing the microscope with the
apparatus depicted in Figure 14 a, b enabled direct visualization of electroconvective
flow in an aqueous CuSQu electrolyte as a function of distance from the edge of a
Nafion-212 cation selective membrane. The zeta potential of the polystyrene tracer

particles was measured using a Zeta sizer and found to be below 1mV for electrolyte
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concentrations ranging from 0.1M-0.001M, and for a 0.1mM electrolyte the zeta
potential is -5.6mV. We note that even at this higher zeta potential, the electrophoretic
mobility measured in the same device is still about a factor of 7 or more lower than the
peak velocity for the tracer component of the tracer particle velocity parallel to the
electric field. Gravity is perpendicular to the electric field for the cell configuration used
in the study, which reduces complications that could arise from Rayleigh-Bernard type
convection arising from differences in Rayleigh numbers associated with concentration
polarization [28,29]. The gap between the top and bottom glass plates was maintained
fixed at 250um to minimize 3-dimensional flow while still visualizing effects away
from the surface of the glass cell boundaries [2]. The spacing between the Nafion and
counter electrode supplying Cu* ions is 5mm, and the microscope has a viewing
window of 1.3 x 1.3mm. The lowest electrolyte concentration used in the study was cut
off at 0.1mM because independent ionic conductivity measurements revealed no change
with salt concentration below this value. Videos obtained from the experiment were fed
into the Particle Image Velocimetry software package (PIVLab) in Matlab, which uses
cross-correlation to extract velocity vectors within the area of interest [30]. The frames
used for the analysis were spaced 100ms apart and the final pass of each correlation
yields a vector for each 15 x 15um area. Although greater resolutions are possible, the
associated lower signal: noise ratio obviated this choice.

Figure 14c reports a typical result of the particle path lines deduced from the
measurements. The blue background represents the tracked vectors averaged over the
last 40 seconds of a video taken at 6V in a 0.01M CuSO4 electrolyte. Any background

flow was removed by subtracting the average over each x-value. It is apparent that the
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velocity vector distribution has components parallel to (v) as perpendicular (u) to the
membrane surface. Figure 14d is the root mean squared average of u and v as a function
of distance from the electrode. As with the v-component reported in Figure 13 at a lower
salt concentration, the u-component also shows evidence of structuring of the
electroconvective flow. The location of the peaks in v correlate well with the size of the
convective eddies observed in the videos. For example, comparing Figure 14c and 14d,
the peak at 100pm corresponds to the size of the small eddy (~150 um) that is apparent
in the vector plot. Likewise, the second peak in v at approximately 800 pm is close to
the average size (~700 pm) of the second largest family of rolls observed in the video.
In search of physical insights, in the following sections we analyze the measured
velocity distributions over a range of applied potentials (40 < V < 320) and electrolyte
concentrations (0.IM — 0.1mM) to understand the effect V and & on the

electroconvective flow structure.
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Figure 14: (a), (b) Depiction of the experimental cell used for visualizing convective
flow. (c) Streamline of the flow for 0.01M CuSO, at a potential of 6V. (d) Profile

of the root mean squared parallel (v ) and perpendicular (u ) velocity
components for the same case as (c).

The first maximum in v is always characterized by the highest root mean squared
velocity and its position coincides with the length scale of the smallest eddies observed
in the corresponding video. Earlier numerical simulation studies also report a maximum
in the tangential velocity component near ion-selective surface and associate the
maximum with electroosmotic slip of fluid outside the ESCL and its location with the
ESCL thicknesses € [20]. At the conditions corresponding to Fig. 14d the ESCL
thickness can be estimated, € ~ 8.6 um; the corresponding values are e ~9 um and e =

22.5 pum for the results reported in Figs. 13b and 13d. It is therefore clear that the
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experimentally determined first velocity maxima, v,,,,, are located at distances well
outside the calculated range for ¢, but as noted earlier, the location is consistent with the
smallest eddy sizes detectable in the flow. We next study the effect of V on v,,,, in
Figure 15a. It is seen that for ¥ < 230, v,,4,increases slightly stronger than linearly
with ¥, vpa.~V*1. This observation is consistent with results from numerical
simulations which also show a linear relationship between voltage and the
electroosmotic slip velocity [17]. An analogous relationship has been reported in earlier
galvanostatic experiments in which the size of electroconvective vortices was found to
scale approximately linearly with the applied current [12,25,26]. At higher potentials, a
new regime occurs in which the voltage has a much stronger effect on the velocity as
seen in the inset in Figure 15a. Experiments and simulations support the development
of chaotic vortices at > 50 [19,20, 25], which could explain the increased convective
flux at the largest 77 values used in the study.

A characteristic feature of electroconvection is that it develops gradually. Specifically,
after imposition of a large-enough potential difference, time = 0, the first sign of
incipient convective motion is the appearance of eddies that form slowly, but accelerate
as they extend into the bulk fluid, ultimately reaching a steady-state at intermediate V
values. The acceleration rate is a strong function of V7 . For example, in an electrolyte
with 0.001M at V7 ~ 80 , the eddies take about 20 seconds to form and an additional 60
seconds or so to become fully developed. In contrast, for V ~ 320 , the eddies form
within the first few seconds and extend into the bulk within 10 to 20 seconds. This last

behavior is illustrated in the vector maps provided in Figure 13a, ¢ where the direction
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and strength of the flow is highly variable within the whole area of interest for VV ~ 320
but is more isolated and less variable in the V7 ~ 80 scenario. At higher voltages the
flow is more chaotic as eddies move along the membrane, collide, separate or even
combine with each other to create structures that never appear to achieve a steady state.
As pointed out previously, this transition to an unsteady, chaotic flow regime has also
been reported in numerical simulations in which the chaotic nature of the flow creates

concentration gradients throughout the electrolyte [20].
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Figure 15: (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.
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The Debye length & scales with the bulk electrolyte concentration as & ~ ¢’*2, which at
fixed potentials would yield a scaling relationship of the form, € ~ ¢** | between the
ESCL thickness and electrolyte concentration. We created electrolytes with
concentrations spanning 4 orders of magnitude, from 0.1M to 0.1mM, to evaluate this
effect. Over this concentration range, & is expected to increase from approximately
0.5nm to 15nm. Figure 15b reports the effect of ¢ on v,,,, for various values of V. It s
seen that v,,,, is for all practical purposes is independent of ¢ over the range of
concentrations studied. Specifically, over a 4 order of magnitude change in
concentration, v,,,, only deviates from the average by less than a factor of 2. Results
reported in Figure 16 show that over this same concentration range, the eddy size
distribution and structure of the electroconvective flow change markedly with c. For
example, at a high salt concentration of 0.1M, the eddies remain small and localized
near the ion-selective interface (Fig 16a, e). Additionally, irrespective of the ¥ value,
there is primarily only one velocity maximum observed at approximately 30 pum from
the membrane surface for both components of the velocity. Looking further into the
bulk there is a large reduction in convective motion, indicating that the convection is
highly localized near the interface. As the concentration is reduced, additional peaks in
both v and u emerge, suggesting more eddy sizes develop in the flow. This is confirmed
as seen in the vector maps in Fig. 16 for the lower values of c. For the intermediate
concentration range, 0.01M and 0.001M, the first peak velocity maximum is observed
to move away from the membrane surface as the smallest convective roll propagates
further into the bulk to distances ranging from 15-75um. These high velocity eddies

appear to bring more bulk solution to the interface, which increases the effective mixing.
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Additionally, a second peak in v is apparent for these concentrations, confirming the
multiscale nature of the flow. As the concentration is reduced even further to 0.1mM,
the first velocity maximum again appears closer to the electrode and the second peak is
still apparent. Notably, at ¥ > 200, a 3" velocity maximum begins to appear in the
0.1mM electrolyte that causes the convective flow to reach further into the bulk, outside
the viewing area of the microscope. The appearance of this 3" maximum coincides with
the transition to a chaotic state, resulting in additional complexity of the flow structure.
The large scale of the convective eddy evident in Figure 16h may also suggest the
presence of flow beyond the viewing window. Thus, while we are unable to
confirm/disprove the c~1/3 relationship between the location of the first maximum in
v and e suggested by numerical simulations, there is a clear inverse relationship
between the structure, complexity, and reach of the electroconvective flow as the

electrolyte concentration rises.
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Figure 16: Vector maps of the flow for 3V polarization (a-d) and 6V polarization (e-h),
at CuSOg4concentrations of 0.1M (a,e), 0.01M (b,f), 0.001M (c,g), and 0.1mM (d,h). Each
plots vectors size and color are non-dimensionalized by the maximum magnitude of that
specific system. The bounds of the axis are 0 — 1,300um in both x and y.

As is suggested with the coexistence of multiple peaks in the velocity profiles at low
electrolyte concentration, there are multiple length scales in which the convection
occurs. The electrolyte concentration appears to control the ratio of the small to large
eddy sizes. For the intermediate concentrations, at all ¥ values where v manifests at
least two maxima, we compared the ratio of the position of these maxima to more
quantitively assess the influence of € on the structure of the electroconvective flow. For
¢ =0.001M the ratio is 7.35, whereas at ¢ = 0.01M the ratio is 22.6; which can be crudely
reduced to an approximate scaling of ¢'/2 or §%. This matches very closely to the results

found via direct numerical simulations [31].
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3.3 Conclusions

In summary we have visualized electroconvection at the surface of a cation-selective
membrane for a range of electrolyte concentrations and applied potentials. Through
particle tracking, vector fields of the videos were created to determine the effects of
these properties. It is found that flow can occur simultaneously on multiple length
scales near the surface. The effect of increasing potential is twofold, with both a
velocity enhancement that scales just above linearly with applied potential, and an
increase in flow chaos and complexity. The concentration does not have a significant
impact on flow velocity but for lower concentrations additional eddy sizes extending
into the bulk appear. The impact of electrolyte concentration is also realized in the
ratio of small to larger eddy sizes which is a function of the dimensionless Debye

length, scaling roughly as 5.
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Figure 17: Effects of time on the electroconvection structure shown via
profiles of the root mean squared velocity component (vims) as a function of
position for an electrolyte concentration of 0.001M CuSOs. (a) Profiles for
an applied potential of 2V at t= 20s, 60s, 140s and 220s. The second peak
location shifts outward and the velocity grows during the first 2 minutes,
until it sets back closer to the membrane for longer times. (b) Profiles for an
applied potential of 8V at t=2s, 20s, and 40s. In comparison to the 2V the
peaks set in much faster for the 8V potential. Over time more peaks form
and within 1 minute a 3™ peak forms demonstrating the more complex
structure of this flow.
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Figure 18: (a) Profiles of the root mean squared v-component of velocity
for 0.001M CuSOs for applied potentials of 2V, 4V, 6V and 8V. The peak
velocity can be seen to be increasing as a function of the applied potential.
(b) Profiles of the root mean squared v-component of velocity for an applied
potential of 4V at concentrations ranging from 0.1M — 0.ImM. Other than
the velocity enhancement in 0.001M the concentration does not have a
significant impact. (c) Profiles of the root mean squared v-component of
velocity for an applied potential of 8V at concentrations ranging from 0.1M
—0.1mM. The concentration does not have a significant impact on the
velocity but there is an increase in number length scales present at the
concentration is reduced.
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