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ABSTRACT: Strong polarization of the ion distribution in liquid electrolytes subjected to potential | , o meam
differences exceeding the thermal voltage, Vi = kT/e, produces a hydrodynamic instability termed J€ DT

electroconvection at ion-selective interfaces. Electroconvection is desirable in some situations (e.g.,
electrodialysis) because it promotes mixing in a stagnant electrolyte layer, enhancing the ion flux at a
fixed potential difference. It is undesirable in others (e.g., electrodeposition of metals) where early
experiments show that convective fluid rolls associated with hydrodynamic instability in bounded
electrolytes produce preferential metal deposition at localized regions on an electrode. Such localized
deposition drives the family of morphological instabilities loosely termed dendritic electrodeposition.  °
We experimentally investigate the effect of ultrahigh molecular weight polymer additives on the onset

conditions and physical characteristics of both instabilities. Direct observations of electrodeposit morphology and tracer particle
motions used in tandem with indirect electrokinetic measurements reveal that even at moderate concentrations, the polymer
additives have a large beneficial effect in extending the range of electric potentials where stable electrodeposition is observed.
Additionally, we report that at polymer concentrations above the entanglement threshold, high molecular weight polymers impart
elasticity to liquid electrolytes which dampen electroconvective flow at a cation-selective interface but have at most a minimal effect

T
o

current density (mA/cnt’)

o

on the bulk ionic conductivity of the liquid.

B INTRODUCTION

At electric potentials above the thermal voltage, kT/e (k:
Boltzmann constant,T: absolute temperature, e: elementary
charge), transport of ions at an ion-selective interface can
trigger electrokinetic instabilities in liquid electrolytes. At the
metal electrodes used in rechargeable Zn, Mg, and Al batteries,
these electrokinetic instabilities drive selective electrodeposi-
tion of the metal at specific sites on the electrode, leading to
the morphological instability loosely termed dendritic electro-
deposition. Dendritic electrodeposition is a nuisance in metal
coating processes because it leads to a nonuniform metal finish.
It is unsafe in rechargeable batteries that use metal anodes
because it can cause localized, nonplanar growth of metal
deposits which proliferate in the interelectrode space, internally
shorting the cell. At a cation-selective interface, such as that
formed by charged polymers, including polystyrene sulfonic
acid or perfluorinated polyether sulfonates ( e.g. Nafion), no
deposition occurs and the electrokinetic instability manifests
instead as a hydrodynamic instability termed electroconvec-
tion.

In classical electrokinetic models, hydrodynamic instability
at either a metal or cation-selective interface is predicted to
result from formation of an extended space charge layer
(ESCL) near the negative electrode/electrolyte or membrane/
electrolyte interface.”” The ESCL is characterized by a
depleated concentration of both negative and positive charges
in the electrolyte, but because it exists near a cation-rich

© XXXX American Chemical Society

\ 4 ACS Publications

interface, it typically hosts a small excess of the positive charge
and as a result local electroneutrality can be violated in a
strongly polarized electrolyte. The thickness of the ESCL,

Ve k7! 2/3
AESCLNL{<E)T} , depends on the interelectrode
spacing, L, the imposed electric potential relative to the
thermal voltage, V/(kT/e), and the Debye screening length,

k~'. In macroscopic electrochemical cells containing even

-2
moderately salty electrolyte, % > (:—;) , and therefore

Agscy, is generally substantially larger than the thickness of
the equilibrium space charge layer (O(x™')), which forms
spontaneously in any electrolyte medium near a charged
substrate.

In typically studied salt-in-solvent type electrolytes used in
electrochemical cells, these classical effects are complicated by
density differences between the solvated ions and solvent,
which produce density gradients. Depending on the relative
orientations of the gravitational and electric field in such
systems, the density differences can exacerbate electrokinetic
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Figure 1. (a) Voltage ramp control measurement method used to determine the J—V curve in liquid electrolytes. (b) J—V curves for ZnllZn cells
with electrodes spaced 0.8 mm apart and containing S0 mM ZnSO, aqueous electrolyte with/without polyethylene oxide (PEO) additives. Filled
symbols are from measurements taken in the gravity stable cell configuration and open symbols correspond to the gravity unstable configuration.
(c) Same as (b), except that the working electrode is covered by a thick, cation-selective membrane (Nafion). (d) Effect of PEO concentration on
the width of the diffusion-limited regime in ZnllZn and ZnlINafion cells in the gravity stable configuration.

instability by producing a downwelling of the heavier ions
driving a Rayleigh—Bernard-like instability.” ® If the gravita-
tional and electric fields are parallel, the ESCL is expected to
grow faster and electrokinetic processes near ion-selective
interfaces are more unstable. In the reverse situation, gravity
has a slight stabilizing effect, leading to the designation of an
electrochemical cell in which the gravitational and electrical
field are antiparallel as existing in a gravity stable configuration.
In either configuration, the effect of gravity can be quantified in

3
terms of the Rayleigh number, R, = AZ—?, which quantifies the

relative magnitude of the gravitational force to the viscous drag
on density gradients in the electrolyte.’ Ap is the density
difference between the electrolyte salt and solvent; g is the
magnitude of gravitational acceleration; g and D are,
respectively, the electrolyte viscosity and diffusivity.

Here, we report on the effect of ultrahigh molecular weight
polymers on the stability of electrokinetic processes in three
specific contexts: (i) electrodeposition at a metal electrode,
where the hydrodynamic and morphological instabilities may
coexist. (ii) Ion migration in an electrolyte near a cation-
selective membrane, where only the hydrodynamic instability
is anticipated. And, (iii) gravity assisted versions of (i) and (ii).
Aqueous zinc-based electrochemical cells are the focus of our
studies for a variety of fundamental and practical reasons. From
a fundamental perspective, Zn does not form a solid—
electrolyte interface as does lithium and sodium used in earlier
studies.” As a result, the electrokinetics of Zn ions near a metal
electrode are more classical and as such provide a more
straightforward platform for establishing behaviors that may be
generalized to other systems. Additionally, because the density
of the zinc sulphate (ZnSO,) salt (3.54 g/cm®) used in our
studies is higher than the analogous Li salts studied previously
(2.22 g/cm’), gravitational effects will be more important and
their role will be easier to isolate and study. From a practical
perspective, rechargeable batteries based on Zn anodes are an
area of significant scientific and technological interest,"™!'°
including very recently as flow batteries that simultaneously

perform an energy storage and actuation function in fully
autonomous aquatic robots.'® This interest is motivated by the
high specific capacity (820 mAh/g), good air and moisture
stability, and high earth-abundance of the Zn anode, as well as
nontoxicity of the aqueous electrolytes used in such cells."” >
The relatively low electrode potential (—0.762 V vs SHE),
propensity to form high-modulus dendrites at practical metal
throughputs,''~"*and the relatively low electrochemical
stability window (1.23 V) of water are well-known practical
hurdles for commercial Zn batteries. The key finding from the
present study is that in comparison to other ap-
proaches’™'®'®??? that have been reported for stabilizing
the zinc anode against dendrite formation, low concentrations
of ultrahigh molecular weight water-soluble polymers are very
effective in suppressing dendritic electrodeposition of Zn
through their specific ability to delay/arrest electroconvection.

Figure la summarizes the measurement procedure used to
determine all current density versus voltage (J—V) curves
reported in the study. The current response at each voltage was
obtained at long-times after imposition of a sequence of
voltages in a time-dependent ramp. As illustrated in the figure,
at long times following each voltage step the measured current
reaches a quasi-steady-state value, which we report in Figure
1b,c as the characteristic steady-state current density for that
voltage. Voltages covering a wide range 2.5—1250 mV were
investigated; the highest voltages studied are limited by
electrolysis of the aqueous electrolyte solvent. Measurements
were repeated at least five times at each voltage to obtain
statistical information about run-to-run variability of the
current response and, more fundamentally, to develop insights
about the stability of the underlying electrokinetics. Because
the voltage scan rate quickly falls to zero following each step,
this method ensures that the diffusion boundary layer thickness
at the long time points where the current is recorded exceeds
the interelectrode distance L; allowing transient current
contributions from double-layer rearrangement and continuous
current contributions from Faradaic processes at the electrodes
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Figure 2. Physical properties of polymer solution electrolytes: (a) viscosity and ion conductivity; (b) relaxation time, as functions of polymer
concentration; (c) effect of electrolyte viscosity on the width of the diffusion-limited regime in ZnllZn and ZnlINafion cells in the gravity stable

configuration.

to be minimized. To understand the effect of gravity, the
measurements were performed using cells in which the electric
and gravitational fields are both antiparallel (stable) and
parallel (unstable).

B EXPERIMENTAL SECTION

We performed current—voltage (J—V) measurements for ZnllZn
symmetric and ZnlINafion asymmetric electrochemical cells at 25 °C
using a MACCOR battery tester. The cell configuration is reported in
Figure S1. Aqueous viscoelastic electrolytes containing 50 mM ZnSO,
were prepared by dissolving ultrahigh molecular weight (M,, = 8 X 10°
g/mol) polyethylene oxide (PEO) at concentrations ranging from 0
to 4 wt % in these electrolytes. The voltage step-ramp protocol
depicted in Figure la was used for the J—V measurements. As noted
in the previous section, an important feature of the measurements is
that by recording the current at long tines after the ramp-up in the
respective voltage, the protocol ensures that the diffusion layer
thickness is larger than the interelectrode spacing. Measurements were
performed in both the gravity stable and unstable configurations to
independently assess the role played by gravity-induced salt gradients
on the J—V curves.

B RESULTS AND DISCUSSION

In the absence of the high molar mass polymer, results in
Figure 1b show that at voltages above approximately 50 mV
(i.e., ~2 kT/¢), the current density in a ZnllZn symmetric cell
rises rapidly with voltage, exhibit large run-to-run variability
(error bars), and the diffusion limit predicted when convection
is ignored in classical Nernst—Planck (N—P) theory' is not
observed in the gravity unstable configuration. In contrast, in
the gravitationally stable case, a diffusion limiting current (J ~
2.4 mA/cm?) is observed over a range of voltages (0.2—0.35 V;
ie. 7.9 kT/e to 13.8 kT/e). Both the voltage value at the onset
of the diffusion limited regime, V;, and the value of the limiting
current recorded in the gravity stable configuration are close to
the corresponding theoretical values (V, ~ 8 kT/e) and
limiting current Jp., & 2.8 mA/cm’ estimated using the
classical theory and based on the electrolyte conductivity and
cell geometry used in the study (eq S1). However, as shown in
Figure 1b, when voltages higher than approximately 14 kT/e
are applied to cells without polymer additive and in the gravity
stable orientation, the current density rises above the limiting
value and thereafter increases rapidly with voltage; quickly
exceeding the current measurement limit of the equipment.
The current increase is accompanied by large run-to-run
variations (see size of error bars), comparable to those
observed in ZnllZn cells in the gravity unstable configuration.

The latter behavior is qualitatively similar to the over-
limiting conductance region reported in previous experimen-
tal”>** and numerical simulation> studies. Comparison of the

J—V curves for the control and polymer-containing electrolytes
in Figure 1b shows that the polymer substantially changes the
shape of the curve for both cell configurations, with the more
dramatic changes observed for cells in the gravity unstable
configuration. It is remarkable that even at concentrations as
low as 0.5 wt% the voltage range where a limiting current is
observed is substantially enlarged. We note further that for
cells in the gravity unstable configuration, the polymer additive
also produces an obvious enlargement of the limiting current
to a value of approximately 4.4 mA/cm?; a nearly 75% increase
relative to Jj tp., As remarkable as the effect of the added
polymer is the fact that further increases in the PEO
concentration above 0.5 wt% results in relatively small changes
in the width of the diffusion limited transport regime (see
Figure 1d and also Figure S2), even while measurably
increasing the electrolyte viscosity (Figure 2a) and lowering
the limiting current to values comparable to Ji ryeo-

In an initial attempt to simultaneously understand the effect
of polymer and gravity on the measured J—V curves, we
computed the Rayleigh number for electrolytes with and
without polymer. Table S1 shows that for the interelectrode
spacing of 0.8 mm used for the studies reported in Figure 1b—
d, R, ranges from 5.9 X 10° (0 wt %, PEO), 7.7 X 10° (0.5 wt
%), 10° (1 wt %), and 12 (2 wt %). The large R, for the control
(PEO-free) electrolytes is consistent with the large differences
in J—V curves observed for the gravity unstable cell orientation,
indicating that gravity alone can produce large enhancements
in the ion flux by a Rayleigh—Bernard-type convection
mechanism discussed in previous work.*®

Addition of polymer dramatically lowers Ra, suggesting that
the polymer additive is able to eliminate gravity-assisted
convection, explaining the recovery of classical N—P behaviors
upon polymer addition. We note further that the polymer
effects are similarly strong in cells in the gravity stable
orientation, where the hydrodynamic stability termed electro-
convection is considered responsible for the large increases in
J.>>*7 On this basis, we conclude that relatively small amounts
of PEO are effective in suppressing/eliminating convective
flow in electrochemical cells, irrespective of the source.

Earlier studies by West”®*” and Akoklar'*'* have shown that
polymer additives can profoundly influence deposition of
metals such as Cu and Zn at planar substrates either by
forming complexes with the metal ions to facilitate nucleation
and regulate growth of the metal deposit or by absorbing to the
deposit tips to suppress growth. A shortcoming of the results
reported in Figure 1b is that it is impossible to separate specific
surface effects associated with the metal deposition from any
role the polymer might play in the electrokinetics. In other
words, as hydrodynamic and morphological features associated
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Figure 3. Visualizing electrolyte flow and electrode morphological evolution in ZnllZn cells driven galvanostatically at 15 mA/cm? (a) Evolution of
tracer particle trajectory and electrode surface morphology in control and M,, = 8 X 10° g/mol PEO-enriched electrolytes. (b) Snapshots of particle
trajectories and electrode surface morphology. (c) ZnllZn visualization cell design used in the study. The interelectrode distance is 10 mm. (d)
Illustration of mechanism through which polymer additives reduce electroconvection and smooth electrodeposition of Zn.

with the metal deposition reactions occur simultaneously in the
ZnllZn cells, fundamental understanding of the role played by
the high molar mass polymer is not possible. In order to rule
out effects associated with the changing metal interface
produced by electrodeposition, we performed similar experi-
ments employing a 50 pm thick cation selective Nafion
membrane near the Zn surface. The membrane pretreated with
a ZnSO, aqueous electrolyte is used to create an ion-selective
interlayer in the ZnllZn cells (Figure S1). The J—V data
reported in Figure lc show that the gravity unstable cell
orientation supports much larger ion fluxes and a diffusion-
limited transport regime is again not observed. In contrast, a
diffusion-limited regime is clearly apparent in the gravity stable
configuration and the regime spans a moderately wider voltage
range, 0.1—-0.5 V (0.2—0.5 V; ie. 16 kT/e to 20.5 kT/e), in
comparison to the ZnllZn cells. We note, however, that the
limiting current remains approximately the same.

The corresponding effects of PEO additives on the J—V
curve in ZnllZn cells that utilize the Nafion interlayer are
reported in Figure lc. Again, it is seen that addition of as little
as 0.5 wt % PEO to the electrolyte produces both a large
increase in the diffusion-limited transport regime and a large
enhancement of J;. One can rule out the potential trivial effect
of the Nafion membrane in enhancing the overall concen-
tration of mobile Zn ions in the electrolyte by calculating the
maximum change in Zn** concentration if all of the sulfonate
sites on Nafion are considered sources for Zn**. This
calculation shows that the Zn** ions associated with the SO
um Nafion membrane would increase the Zn>* concentration
in the electrolyte by at most 8%. On this basis, we conclude
that the enhancement in J; arises from a similar polymer-
mediated source as for the ZnllZn cells that does not require
specific adsorption of polymer chains to a metal substrate.
Additionally, as with the experiments performed in simple Znll
Zn cells, it is apparent that the enhancements in J; are largest
at small PEO concentrations and the effect quickly saturates
with the PEO content (see Figure 1d). Again, we note the
saturation is insensitive to whether the cells are held in the

gravitationally stable or unstable orientations, but that the
diffusion limited regime is consistently wider for the cells that
employed the Nafion interlayer.

The results in Figure 1 therefore imply that the high molar
mass PEO additive is effective in arresting overlimiting
conductance, irrespective of its source, but the polymer is
more effective in the case where the possibility of
morphological instability is removed. Previous work” showed
that the extension AV of the diffusion limited regime produced
by polymer additives in carbonate electrolytes in LillLi cells
scales with electrolyte viscosity as AV & /u at low polymer
concentration, and transitions to a weaker dependence,
AV = 4/u at higher polymer concentrations. The effect of
PEO concentration on electrolyte viscosity and ionic
conductivity are reported in Figure 2a. An increase in PEO
concentration from 0 to 0.5 wt % produces a viscosity
increment of 10% but only a 0.024% reduction in conductivity
(Figure 2b). These observations are consistent with earlier
reports,””** which attribute the larger effect of polymer
concentration on viscosity than on ionic mobility to the
relative ease with which solvated ions can move through an
entangled polymer network formed by ultrahigh molecular
weight flexible polymer chains. The reports imply that over the
range of PEO concentration studied in the present work, the
electrolytes can be considered semidilute entangled polymer
solutions. Figure 2¢ compares the normalized AV versus y for
all systems used in the study. The results are again consistent
with previous work’>** and confirms that above a certain
critical polymer concentration, the effectiveness of high molar
mass polymer in delaying the onset of over-limiting
conductance is limited.

The rheological properties of the electrolytes were
investigated in small-amplitude oscillatory shear, and the
results are reported in Figure S3a. We observe that however,
the loss modulus G” is larger than the storage modulus G’ for
the electrolyte containing 0.5 wt % PEO, and above 1 wt %
PEO G’ becomes dominant. The ratio of G"to G’ reported in
Figure S3b confirms that electrolytes transition from a viscous
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Figure 4. (a) Visualization cell design with Nafion. (b) Electroconvection in viscoelastic polymer electrolyte at ion selective Nafion membrane

surface.

liquid-like response (G”/G’ > 1), to a more solid elastic like
response (G”/G’ < 1) for PEO concentrations above 1 wt %.
The entanglement molecular weight M, for a PEO melt has
been reported to be approximately 1620 g/mol;*" the onset of
entanglement effects in an M,, = 8 X 10° g/mol PEO solution
would therefore be expected at a polymer volume fraction,

bpeo = (

trolytes used in the study, this corresponds to a polymer
concentration of approximately 0.3 wt %, which is comparable
to the PEO concentration at which the transition to elasticity
dominant fluid rheology is observed. The mesh size of the
entanglement network can also be estimated from the
measured elastic modulus in the linear viscoelastic regime to
lie in the range of 22—196 nm as the polymer concentration is
lowered. These values are evidently quite a bit larger than the
estimated size of a hydrated Zn?* ionic radii (0.21-0.24
nm’"*?), which would explain why the electrolytes are able to
simultaneously exhibit liquid-like ion mobilities but strong
resistance to electrolyte convection in either the stable or
unstable cell orientations.

We fabricated an optical visualization cell (Figure 3c) that
can be mounted between the sample stage and objective of an
optical microscope (Olympus) outfitted long working distance
objective. To visualize transport processes in the cells, 10 um
uncharged polystyrene microparticles dyed blue were dispersed
in the electrolytes and used as fluid tracers to track time- and
space-resolved dynamics in the electrolyte near Zn electrodes
and Nafion interlayers. By performing experiments in electro-
Iytes with and without polymer additives, it is possible to
unambiguously interrogate convective processes in the cells
and to more precisely establish the role the polymers play in
extending the diffusion-limited transport regime. An additional
benefit of the visualization experiments is that because
morphological changes at a Zn metal electrode can be studied
at the same time as the tracer particle trajectories, comparison
of particle trajectories near the Zn and cation-selective Nafion
membrane can be used to isolate purely hydrodynamic from
morphology and hydrodynamic effects on the electrolyte
velocity field. For simplicity, the visualization experiments were
performed at a constant current of 15 mA/ cm?” and at room
temperature.

Figures 3a,b and S4 report tracer particle trajectories and
snapshots, respectively, in the ZnllZn cells in electrolytes in
which the PEO polymer is present at different concentrations.
It is immediately apparent that strong convective processes are
present in the control (no PEO) electrolytes and overtime,
obvious dendritic deposits form at the Zn electrode. In the
electrolyte containing only 0.5 wt % PEO, the particle motions
are noticeably slowed, especially obvious at the surface, with
fewer “hot spots” (i.e., regions where the tracer velocity are

M

-3/4
—W> ~ 2.86 X 10°. For the aqueous elec-
2% Mg

highest, see Figure S4) than in the control case. The results
therefore establish that the polymer stabilizes the electro-
convective instability, producing a more uniform flux to the
electrode. Inspection of the Zn electrode morphology reveals
more uniform deposition and no obvious dendrite formation
during the experimental period. Both observations are
consistent with recent numerical simulations,” which show
that polymer stretching due to the high-curvature, localized
eddies formed at the electrode surface facilitates mixing in the
ESCL to produce a more uniform ion flux to the Zn metal
electrode (see Figure 3d). The results show further that a
higher polymer concentration is not necessarily good. While
the average tracer particle velocity is noticeably lower (see
Figure S4) in more viscous electrolytes containing 2 wt %
PEO, Zn dendrites reappear at long run times. The analogous
results from tracer visualization studies in electrolytes near the
cation-selective Nafion membrane are reported in Figure 4a.
The measurements again show that strong convective flow
occurs in the control electrolyte and that the convection results
in accelerated tracer particle motion toward the electrode with
the strongest flow occurring at distances of 100 ym or more
away from the electrode.

Within this 100 ym boundary layer, a strongly swirling
three-dimensional flow comprised of transient rolls/eddies is
observed. The structure of this flow, including the appearance
of the eddies in counterrotating pairs, is strikingly similar to
convective flows predicted by direct numerical simulations™ to
accompany electroconvective hydrodynamic instability in
closed electrochemical cells. We note however that the
thickness of the boundary layer is more than 10 times larger
than the extended space-charge layer thickness,

-1
Agscr, L{ (%)KT
theory®® and estimated from numerical simulations™ for the
salt concentration, voltage, and interelectrode spacing used in
the present study. Thus, the boundary layer so clearly observed
in the experiments defies any simple comparisons with the
ESCL proposed in current theories for second-kind electro-
osmotic slip as the source of electroconvection near a cation
selective membrane.

As was the case for visualization experiments near a metallic
Zn electrode, we note further that addition of 0.5 wt % PEO to
the electrolyte dramatically reduces the average velocity of the
flow and eliminates local regions of high velocity. Importantly,
however, the thickness of the boundary layer is essentially
unchanged. In contrast, for the more viscous electrolyte (2 wt
% PEO), both the flow velocity and thickness of the boundary
layer are systematically lowered (see Figures 4b and SS5); and
no obvious convective rolls are observed. The results imply
that at higher polymer concentration, electroconvection is
more completely suppressed in the electrolytes near cation-

2/3
} =1 - 10pum predicted both by
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Figure 5. (a) ZnlZn symmetric galvanostatic cycling, 1 mA/cm? 0.25 mA h/cm? (b) Ist cycle, (c) 242nd cycle, (d) 450th cycle electrochemical
behavior of Zn—MnO, batteries with salt and polymer electrolyte (e) comparison of CV scanning at 0.1 mV/s, second cycle. (f) Charge/discharge

curve Zn/MnO, battery in the initial and second cycle.

selective membranes than near a metal electrode. This
observation simultaneously explains the larger effect of
polymer additives in extending the diffusion-limited transport
regime for cells containing the Nafion interlayer and indicates
that the coupling between the morphological and hydro-
dynamic instability near a metal electrode may mitigate some
of the benefits of the polymer additive.

Previous studies have shown that low molecular weight PEO
can serve as a leveler during electrodeposition of Cu but that
the effect results from complexation of copper ions and PEO
chains in solution and adsorption of PEO on the reduced
copper metal at the electrode.”®*’ Similar effects are in
principle possible for the ZnllZn case'>'* but are unlikely to
play a role in the ZnlINafion systems used in the study. To
understand the role of polymer adsorption on the observations
reported in Figure la,d and 3, we employed X-ray photo-
electron spectroscopy (XPS, SSX-100) and Fourier-transform
infrared spectroscopy (FTIR, Thermo Scientific) to interrogate
the surface of the Zn working electrode after the visualization
studies. These electrodes were first washed with chloroform
and then deionized water to remove electrolyte and loosely
bonded polymers. Comparison of the binding energies from
the measured XPS spectra in the control electrolytes with
values reported in the literature, Figure S6 and Table §3,%4738
indicate that either ZnO or Zn(OH), is the dominant
component on the Zn electrode. The Zn 2p;,, binding energy
for Zn electrodes harvested from the PEO-containing electro-
lyte also indicate the formation of ZnO or/and Zn(OH),.** "'
An oxygen binding energy peak at ~531 eV is attributed to
ZnCO; formation, likely originating from atmospheric
exposure of the samples, and the peak at 529.39 eV indicates
the ZnO formation.”” The results do show a somewhat weaker
contribution at 284.5 eV that can be assigned to C—C groups,
and a secondary peak at 288 eV, which is associated with C—
O—C groups,*’ implying that some level of polymer adsorption
occurs.

On surfaces interacting with either the control or polymer
electrolytes, we detect similar FTIR peak patterns, Figure S7.
The presence of an IR vibration band at 3476 cm™ is
tentatively assigned to the stretching vibration of intermo-
lecular hydrogen bonds (OH) associated with absorbed water
on the electrode surface. We note nonetheless that zinc oxide
has a IR band in the range 3620—2950 cm™".**"*" The FTIR
spectra also shows a broad peak 1236—500 cm™" which can be

assigned to the metal—oxygen (Zn—0) bonds of ZnO, which
are typically in the range 680 to 300 cm™.***" Furthermore,
literature reports®' indicate that PEO absorbed on ZnO will
produce IR peaks in the region of 1511 and 1394 cm™', which
are not seen in our systems. Additionally, comparing the
measured spectra to that of the pure PEO powder, the FTIR
results do not support a strongly adsorbed PEO layer on the
Zn electrode. Thus, we conclude, that the strong PEO surface
adsorption effects reported for Cu are perhaps less important
for the Zn systems studied here.

To evaluate the practical benefits of high molecular weight
PEO electrolyte additives in battery cells that used Zn anodes,
we investigate the reversibility of Zn metal electrodes in
symmetric ZnllZn symmetric cells in galvanostatic cycling
(Figure Sa—d) by the Battery Testing System (Neware) at 25
°C. The measurements were performed at a current density 1
mA/cm? and for a fixed capacity of 0.25 mA h/cm? The cell
setup is shown in Figure Sla, and the electric field lies
orthogonally to the gravity direction. Initially, the PEO-
containing electrolyte shows a slightly higher polarization,
compared to the control aqueous electrolyte, possibly due to
an increase in the interfacial resistance by the low
concentration of PEO. After 200 cycles, both the Ohmic and
concentration polarization of control aqueous electrolyte
increases, which likely indicates an increased energy barrier
for metal nucleation and less uniform metal deposition. This
inference is supported by the fact that the cells suddenly fail at
around 145 h due to metal-induced short circuits.**

In comparison, the cells containing the PEO polymer
electrolyte additive remain stable for more than 225 h.
Interestingly, consistent with the results reported in Figure
3a,b, we find that cells containing 0.5 wt % PEO electrolyte
exhibit greater stability than those containing higher
concentrations of the polymer. Motivated by these observa-
tions, we created full Zn—MnO, battery cells (Figure Slc) and
evaluated the effect of PEO additives on their performance. In
cyclic voltammetry (CV) measured by Electrochemical
Analyzer (CH Instruments, Inc.) at room temperature in
Figure Se the reduction reaction from MnO, to soluble Mn*" is
seen to be a two electron process, occurring at 1.35 and 1.2 V
versus Zn>*/Zn. The oxidation reaction from Mn*" to MnO,
occurs at 1.6 V versus Zn**/Zn. The pairs of redox peaks
correspond to the two plateaus in the charge—discharge curves,
Figure 5f, where the charge and discharge for the initial two
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cycles of Zinc/MnO, battery shows different curves. This is
due to the conversion reaction mechanism where @-MnO,
structure and morphology evolve after the initial cycle, which
benefits electrode structural mechanics and kinetics while
increases the surface energy.'® CV measurements further show
that the redox reactions at the Zn electrode are unaffected by
the presence of PEO in the electrolyte. In the scan from low to
high voltage at 0.1 mV/s, the peak cathodic current of PEO
electrolyte shifts to a lower voltage with a higher current value,
indicating the faster delivery of additional ions from the bulk
solution to the electrode, which is consistent with the previous
observation of mixing effect in 0.5 wt % PEO electrolyte. For
the same reason, during the reserve scan, the anodic peak shifts
to a higher voltage. In the charge/discharge process, their
performance is similar, showing good rate capacity at 2.6C, and
high reversible capacity is delivered in the first and second
cycles, close to the reported high reversible capacity.'® The
zinc electrode morphology after cycles was characterized by a
scanning electron microscope (Keck) (Figure S8). Smooth
flake-like deposits on micrometer scales are observed,
indicating that in the 0.5 wt % PEO electrolyte the polymer
has a beneficial effect in stabilizing Zn electrodeposition.

Bl CONCLUSIONS

Introducing a small amount of ultrahigh molecular weight PEO
in an aqueous liquidelectrolyte is shown to to be highly
effective in improving the stability of ion transport and
electrodeposition at ion-selective interfaces. We find that the
effectiveness of high molar mass polymers mainly result from
their ability to produce large increases in solution viscosity,
without slowing down ion migration rates. The resultant
electrolytes therefore exhibit a combination of polymer-like
viscoelastic properties and liquid-like fast ion transport that
allows them to actively suppress electroconvection. It is also
reported that the inter-electrode distance plays an important
role in inducing electroconvection, but that the polymer
concentration in an electrolyte is easily able to overcome these
effects to enhance stability of electrodeposition in both
gravitational stable and unstable configurations. PEO is
chemically stable during the electrochemical reaction occurring
on the zinc electrodes, and 0.5 wt % PEO has preferred
rheological properties to introduce local flow, facilitating
efficient mixing in the space charge layer scale, which also
enhance the Zn/MnO, battery performance. This shines light
on that using small amount of high molecular weight PEO in
the mild aqueous electrolyte is promising to produce high
performance and environmentally friendly zinc-based energy
storage at low cost. It also opens up opportunities for creating
novel electrolytes using long-chain branched***® and other
architecturally complex polymer additives able to generate
elasticity-driven secondary flows that may suppress electro-
convection in liquid electrolytes at even lower polymer
concentrations.
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