Downloaded via UNIV OF CALIFORNIA BERKELEY on August 3, 2022 at 23:26:46 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Structured-Liquid Batteries

Jiajun Yan, Michael A. Baird, Derek C. Popple, Alex Zettl, Thomas P. Russell, and Brett A. Helms*

Cite This: J. Am. Chem. Soc. 2022, 144, 3979-3988

I: I Read Online

ACCESS |

[l Metrics & More ‘

Article Recommendations ‘

@ Supporting Information

ABSTRACT: Chemical systems may be maintained far from
equilibrium by sequestering otherwise reactive species into
different microenvironments. It remains a significant challenge to
control the amount of chemical energy stored in such systems and
to utilize it on demand to perform useful work. Here, we show that
redox-active molecules compartmentalized in multiphasic struc-
tured-liquid devices can be charged and discharged to power a load
on an external circuit. The two liquid phases of these devices
feature charge-complementary polyelectrolytes that serve a dual
purpose: they generate an ionically conductive coacervate
membrane at the liquid—liquid interface, providing structural
support; they also mitigate active-material crossover between

N
coacervate
membrane

phases via ion pairing with the oppositely charged anolyte and catholyte active materials. Structured-liquid batteries enabled by this
design were rechargeable over hundreds of hours. We envision that these devices may be integrated with soft electronics to enable
functional circuits for smart textiles, medical implants, and wearables.

H INTRODUCTION

All-liquid batteries show tremendous versatility in form and
function with the potential to power energy systems as large as
the grid and as small as a wearable device. The cell chemistry
for these batteries most often features high-temperature molten
liquid metals,"” low-temperature eutectic alloys,’™® or
solutions of redox-active compounds.””® Notably, due to the
conformal character of liquids, both negative and positive
electrodes adopt the shape of their container, sometimes
through the aid of a physical separator, or membrane, although
membrane-less designs are also possible.'*™"*

An emerging strategy for the creation of all-liquid devices
makes use of load-bearing interfacial assemblies of polymers or
nanoparticles to structure liquids into prescribed shapes such
that formal containment is no longer necessary.'> >°
Structured liquids can be patterned and printed from a
broad palette of liquid media, both aqueous and nonaqueous.
The membrane between the liquid phases has selective
transport properties, depending on the components from
which it is assembled.'”'” To apply this strategy to the
fabrication of structured-liquid batteries requires that the
negative and positive electrodes be loaded with not only
charge-storing active materials but also components that
assemble into a membrane at the liquid—liquid interface—
both to support the structure of the patterned or printed all-
liquid system, as well as to provide a conduit for ionic charge
when the device is charged and discharged upon application of
an electrochemical potential. Additional considerations arise
from the need to sequester charge-storing active materials in
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each of the liquid phases serving as anolytes or catholytes in
the device.

Here, we harness the interfacial assembly of polyelectrolytes
to fabricate structured-liquid batteries on hydrophobic
substrates with patterned hydrophilic electrodes (Figure 1)."
By controlling the geometry and surface chemistry of current

21,22
collectors,”™

we can prescribe an interface between aqueous
biphasic anolytes and catholytes deposited onto the electrodes
(Figure 1B). Once the interface is formed, polyanions, e.g,
poly(sodium 4-styrenesulfonate), PSS—Na, dissolved in the
anolyte form an ionically conductive coacervate membrane
with polycations, e.g,, poly(diallyldimethylammonium chlor-
ide), PDADMA—C]I, dissolved in the catholyte.lg’23 We also
leverage ion pairing between polyelectrolytes and oppositely
charged charged active materials to mitigate the rate of active-
material crossover between phases, allowing the device to be
24-26

cycled over hundreds of hours. The power delivered by
such devices is on the order of that found in biological circuits
and sensors, demarking future use—cases based on that

complementarity.
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Figure 1. (A) Structured-liquid batteries are fabricated from all-aqueous biphasic liquid electrode-based solutions of dextran and PEG. Here, the
dextran-rich phase (light blue) also comprised methyl viologen (purple dots) and PSS—Na, a polyanion (red coils). The PEG-rich phase (light
orange) also comprised ferrocyanide (orange dots) and PDADMA~—C], a polycation (blue coils). From PSS—Na and PDADMA—C], a membrane
self-forms at the interface between the electrodes. (B) Photographs of the all-aqueous biphasic electrochemical cell during cycling. The dextran-rich
phase turns dark blue on charge, confirming the presence of the methyl viologen radical cation. The brown color in the PEG-rich phase results from
a reaction between methyl viologen and ferrocyanide tied to crossover. Scale bars: 1 cm.
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Figure 2. (A) Cyclic voltammetry of 10 mg mL™" methyl viologen without polymers, in 15% dextran, or in 15% dextran and 1% PSS at 20 mV s™".
(B) Cyclic voltammetry of 10 mg mL™" ferrocyanide without polymers, in 10% PEG, or in 10% PEG and 1% PDADMA at 20 mV s™%. (C)
Randles—Sevcik plot of the cathodic and anodic peak currents of methyl viologen. (D) Randles—Sevcik plot of the cathodic and anodic peak
currents of ferrocyanide. (E) Diffusion coefficients, calculated using ordinary least-squares linear regression, and half-peak potentials of the redox-
active species, with or without the polymers. Cyclic voltammetry performed using a 3 mm glassy carbon working electrode, a 3.0 M NaCl AgCl/Ag
reference electrode, and a Pt counter electrode.

Hl RESULTS AND DISCUSSION electrode (SHE)) for the anolyte and an anionic ferrocyanide
(044 V vs SHE) for the catholyte. On reduction, methyl
viologen is a radical cation; on oxidation, ferrocyanide changes
oxidation state yet remains anionic. Each active material is
well-behaved and variants of both with different supporting

Electrolyte Design. For anolyte and catholyte phases in
the device, we used an aqueous two-phase system (ATPS)
comprising dextran in one of the phases and poly(ethylene

. 27-29 . . . . o .
glycol) (PEG) in the other. As active materials, we used a salts control their solubility and reversibility in aqueous
cationic methyl viologen (—0.45 V vs standard hydrogen electrolytes.”®™* Counterions are known to influence the
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Table 1. Electrochemical and Transport Properties of Liquid Electrolytes

active species medium E,; (V vs AgCl/Ag)“ D, (ecm? s7)? D, (cm? s7)? n (cSt)° R (Q)?
NH,Cl —0.612 + 0.001 (4.59 £ 0.01) x 107° (528 £ 0.01) X 107° 1.07 + 0.02 81.9 + 0.2

MV NH,CI + dextran —0.609 + 0.001 (2.90 + 0.01) x 107° (3.15 £ 0.01) x 107° 65.5 + 0.7 1034 + 0.3
NH,CI + dextran + PSS —0.599 + 0.002 (8.68 + 0.01) x 1077 (5.03 + 0.04) x 1077 65.5 + 1.8 101.8 +0.3
NH,CI 0.249 + 0.001 (1.10 + 0.01) x 107° (1.54 £ 0.01) x 107° 1.08 + 0.01 589 + 0.2

Fe(CN)¢* NH,CI + PEG 0.228 + 0.003 (597 + 0.03) x 1077 (9.82 + 0.01) x 1077 10.14 + 0.06 74.0 + 0.1
NH,CI + PEG + PDADMA 0.179 + 0.003 (2.56 + 0.02) x 1077 (546 + 0.01) x 1077 11.62 + 0.09 749 + 0.9

“Measured on 20 mV s~! scans. ”Calculated from peak current using the Randles—Sevcik plot with ordinary least-squares regression, errors =
standard deviation (SD) of five cycles. “Dynamic viscosity measured by pressure drops in a flow channel, errors = SD of three measurements. “Bulk
resistance as measured by electrochemical impedance spectroscopy (EIS), errors = SD of four measurements.

formation of ion pairs with the complementary polyelectrolyte,
which we hypothesized could be put to use in slowing the rate
of crossover.>* ™ Less clear before our investigation, however,
was how specific combinations of active materials and
polyelectrolytes in the ATPS influence the homogeneity of
the electrolytes, electroreversibility of the active materials, and
the formation rate and strength of the polyelectrolyte
coacervate membrane, particularly at high salt concentrations,
needed to minimize polarization in the device.

We found that the composition of the supporting electrolyte
strongly influenced the redox reversibility of the active
materials, as well as the homogeneity of the multicomponent
liquid anolytes and catholytes. Initially, we examined NaCl as
the supporting electrolyte salt, as most of the anionic and
cationic electrolyte components are commonly synthesized
and used with Na® and Cl™ as counterions, respectively.
However, we found that the electroreversibility of ferrocyanide
was poor in aqueous NaCl electrolytes (Figure S1). We
resolved this using ammonium ferrocyanide in aqueous NH,Cl
(Figure 2).3* We next investigated the influence of NH,Cl
concentration on catholyte homogeneity (Figure $2).%” At low
concentrations of NH,Cl, PDADMA—Cl and ammonium
ferrocyanide formed a precipitate, while at high concentrations
of NH,Cl, mixtures of PDADMA—Cl and PEG became
cloudy. Small-angle X-ray scattering (SAXS) showed no
dependence of aggregate size on the salt concentration (Figure
S§3). Ultimately, we showed that a concentration of 0.5 M
NH,CI afforded good homogeneity to both anolyte and
catholyte, which then allowed us to examine the influence of all
components on the redox and transport properties of the liquid
electrodes.

Electrolyte Characterization. To assess how the electro-
reversibility of methyl viologen and ferrocyanide were
influenced by the increase in viscosity when dextran and
PEG were present alongside charge-complementary polyelec-
trolytes, we performed a series of cyclic voltammetry (CV)
experiments (Figure 2A,B). In the supporting electrolyte alone,
both active materials underwent reversible redox reactions
(Figures 2A,B, S4A,D, and SSA,B). As neither dextran nor
PEG feature electrostatic charge, the introduction of either
only causes the viscosity to increase, which in turn slows the
diffusion of redox-active species (Table 1 and Figure S6).
Upon introduction of dextran (M, = 450 000—650 000; 15%
w/v) to methyl viologen in 0.5 M NH,C], the peak currents
dropped slightly (Figures 2A,C and S4B), resulting in a ~40%
decrease in the diffusion coefficient of methyl viologen (Figure
2E and Table 1), as determined from a plot of peak current as
a function of the square root of scan rates (eq 1 in the Methods
section). The peak separation, AE,, remained almost
unchanged, and the half-peak potential, E, ,, shifted by 3 mV
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(Figure SSA,C). Similarly, upon introduction of PEG (M, =
20 000; 10% w/v) to ferrocyanide in 0.5 M NH,CI, the peak
current and diffusion coefficient dropped by ~40% (Figures
2B,D,E and S4E and Table 1). AE, remained largely
unchanged, while E,, shifted by —21 mV (Figure SSB,D).
While viscosity played a role in modulating the electro-
reversibility of active materials in ATPSs containing high
concentrations of electrolyte, so did the addition of
polyelectrolytes with complementary charge. Specifically,
when polyanionic PSS—Na (M,, = 70000; 1% w/v) was
added to methyl viologen in 15% dextran and 0.5 M NH,C],
the peak currents and diffusion coefficients were further
reduced; especially the anodic peak current, which dropped by
approximately 1 order of magnitude (Figures 2A,C,E and S4C
and Table 1). The disparity in changes between anodic and
cathodic peak currents reflect the different states-of-charge of
the active material in the forward and reverse electrochemical
reactions, which direct the electrostatic interactions in the
system between the active material and the polyelectrolyte,
and, therefore, the structure of the supramolecular redoxmer
and its interaction with the current collector during electron
transfer. Meanwhile, both AE, and E,), increased slightly
(Figure SSA,C). Similarly, upon introduction of polycationic
PDADMA-Cl (M, = 200000—350000; 1% w/v) to
ammonium ferrocyanide in 10% PEG and 0.5 M NH,C], the
peak current and diffusion coefficient were also lowered
(Figures 2B,D,E and S4E and Table 1). The cathodic peak
current dropped by ~60%, while the anodic peak currents
dropped by ~40%. Meanwhile, AE, also increased slightly,
while E,/, dropped by 49 mV (Figure SSB,D). Therefore,
while dextran and PEG impact electroreversibility and self-
diffusion of the active materials due to the increase in viscosity,
this behavior, along with the electrostatic interactions between
charge-complementary polyelectrolytes and actives, are com-
pounded in their influence on those characteristics. We find
that electrochemistry is remarkably precise in revealing and
quantifying the impact of the state-of-charge-dependent
supramolecular (i.e., electrostatic) interactions between
polyelectrolytes and the active materials on charge transfer
processes between these supramolecular redoxmers and the
electrodes. Despite changes in the diffusivities of the active
materials, the polymers had little influence on the bulk ionic
conductivity (Table 1 and Figures S6 and S7). Membrane
formation and stability are critically important when fabricating
structured-liquid devices. When fabricating structured-liquid
batteries, high concentrations of salt relative to the active
materials in the electrolyte are needed to minimize cell
polarization during charge and discharge. Yet, membrane
formation from polyelectrolytes at a liquid—liquid interface is
known to be inhibited by salt.”” We confirmed this by showing
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Figure 3. (A) Surface patterning and device fabrication of structured-liquid batteries. Here, an overlayer of oil slows the rate of evaporation of
water, allowing the device to be cycled for hundreds of hours. (i) Masking with inscribed polyimide tape; (ii) chromium/silver deposition; (iii)
surface treatment to make silver surfaces hydrophilic and glass surfaces hydrophobic; (iv) electrode printing to the confined patterns using two
immiscible aqueous electrolytes containing dextran/MV/PSS (blue) and PEG/ferrocyanide/PDADMA (yellow); (v) encapsulation of the
electrochemical cell under silicone oil; and (vi) wiring up the device with Ag wires as current collectors and introduction of the active materials.
Both interdigitated array and parallel block configurations are shown and were tested. (B) Evolution of the surface chemistry through fabrication

steps (ii) and (iii).

that PSS—PDADMA films do not form instantaneously at a
water—water interface at high salt concentrations.”” We
considered alternatives, including a PSS—poly(allylamine)
coacervate film, whose formation has been shown to be less
sensitive to high salt concentration.*® However, we found that
the primary amines of poly(allylamine) were redox-active,
forming imines at oxidizing potentials. We then considered
whether PSS—=PDADMA coacervate films could form at high
salt concentrations.’”** We constructed a bulk prototype of all-
aqueous biphasic electrochemical cell to study the rate of
coacervate membrane formation over time and tested its
stability. After 24—48 h, we found that the coacervate
membrane was visible and capable of limiting diffusion of
methyl viologen radical cations (Figure S8A), confirming
membrane formation. After 4 days, the membrane was
sufficiently strong to hold 10 mL of aqueous solution upon
inversion of the crude bilayer cell (Figure S8B). This indicated
that while the high salt concentration in the electrodes slows
the formation of the membrane,*' once formed, it is strong and
can support the device structure indefinitely. These data also
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indicated that cell fabrication must take into account the rate
of membrane formation prior to the introduction of the active
materials to take maximum benefit of membrane blocking. We
also found that the membrane added only a small contribution
(~6 Q) to the overall resistance of the cell (Figure S8C).
Cell Fabrication. Having established an understanding of
the formulation of anolytes and catholytes to enable redox
reversibility, active material complexation to the endogenous
polyelectrolytes through ion pairing, and coacervate membrane
formation at the liquid—liquid interface from charge-comple-
mentary polyelectrolytes, we next sought to implement the all-
aqueous biphasic liquid electrodes in patterned and printed
electrochemical devices (Figure 3). To do so, we designed a
fabrication strategy for depositing current collectors on a glass
slide, where the current collectors were rendered hydrophilic,
while the surrounding glass surface was made hydrophobic.
This wetting condition ensured that the printed electrodes
were confined to the boundaries set by the current collector.
We tested two types of patterned current collectors: parallel
plates and interdigitated arrays (Figure S9). We thermally
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Figure 4. (A) Full cell charge/discharge curves for an under-oil all-aqueous electrochemical cell. (B) Excerpt of cycles 20—25 (indicated as a red
box in Panel A). (C) Potential vs capacity in cycles 10, 20, 30, 40, and S0. (D) Accessed capacity and Coulombic efficiency of each cycle. The red
dashed line indicates 100% efficiency. The blue dotted line indicates 10% state of charge. In each cycle, the cell was charged/discharged at a
constant current of 54 yA with potential limits of 1.0 and 0.2 V, respectively, or up to S h. A constant voltage discharge for up to S h with a cutoff

current of 3 yA. After charge/discharge, the cell was rested for 2 h.

evaporated metallic silver onto the glass surface, using
chromium as the adhesion layer (Figure S10).*> We then
applied a perfluoroalkyl trichlorosilane monolayer to the entire
substrate. To displace the perfluoroalkyl monolayer on silver,
we introduced mercaptopropionic acid, which forms stronger
bonds to the surface via thiolate linkages. We then neutralized
the acid using an aqueous ammonia solution (Figure 3B). By
this method, we produced superhydrophobic glass surfaces on
which patterned silver current collectors are hydrophilic and
salt-matched to the electrolyte used in the devices.

We found that the efficacy of electrode wetting with either of
the aqueous biphasic electrolytes depended strongly on the
geometry of the patterned electrode. Initially, an interdigitated
array with prototypical thin fingers connected to two large
reservoirs was used (Figure S11). However, the Laplace
pressure drove the liquids from the fingers to the
reservoirs.””>> Consequently, an interdigitated array with
thick fingers was designed and fabricated (Figure S9B). The
two electrode designs shared a similar surface area (8.04 vs
7.97 cm?), but the boundaries between the current collectors
were different (12.7 vs 120 mm). Therefore, the interface-to-
volume ratios were distinct as well (0.158 vs 1.51 cm™"), which
translated into a difference in the areal density of
polyelectrolytes (63 vs 6.6 mg cm™>) and accessible membrane
thickness. By increasing the volume of the anolyte and
catholyte applied to the electrodes, we were able to confidently
establish the interface between them, which initiated
membrane formation. We found that the self-forming
membrane impeded mass transfer between the two phases,
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as shown by the dark blue methyl viologen radical cations in
Figure 1B."” For such a system with a thin layer of aqueous
solutions, water evaporation is expected to be rapid, despite the
polymer contents (eq 2 in the Methods section).* To limit the
extent of evaporation, we implemented a simple “under-oil”
approach, covering the entire device with a layer of silicone oil
with a viscosity of 10 ¢St.***

Structured-Liquid Battery Testing. Having established
the means to pattern and print all-aqueous biphasic devices
with self-forming polyelectrolyte-based coacervate membranes
and ensure the longevity of the device by controlling the rate of
evaporation of water, we then demonstrated that the device
could be driven in and out of chemical equilibrium by the
application of an electrochemical potential, where current
flowed through an external circuit as the active materials in the
anolyte and catholyte were charged and discharged. We
galvanostatically cycled a device featuring parallel electrodes at
a C/50 rate (54 pA) for 884 h (Figure 4A). In each cycle, we
used a constant current charge and a constant current—
constant voltage (CCCV) discharge to access the full capacity
of the electrodes (Figure 4C). The charge and discharge curves
plateaued at ~0.65 and ~0.55 V, respectively (Figure 4B,C),
lower than the E,, difference of 0.78 V (Figure 2E and Table
1), suggesting a potential drop at the interface of the current
collector with the liquid electrodes.”® Despite this, the device
accessed 10% of its theoretical capacity (cf. Supporting
Information) within four cycles and was stable for 430 h.
Due to the formation of ion—polyelectrolyte complexes, vide
supra, diffusion of active materials was considerably slower in
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this cell. Consequently, only a fraction of the active materials in
the proximity of the current collector was initially charged;
however, diffusion of supramolecular redoxmer complexes and
self-exchange of electrons allowed active materials farther away
from the current collector to undergo redox reactions (Figure
S$12). During the discharge process, supramolecular redoxmers
close to the current collectors were quickly discharged, leading
to a rapid decrease in voltage when approximately half of the
capacity was discharged. Nevertheless, most of the remaining
capacity was still accessible over time with a constant voltage
discharge at 0.2 V by diffusion and self-exchange (Figure 4C).
The cell showed a relatively low Coulombic efficiency, which
gradually increased over time (Figure 4D) as a result of a slow
accumulation of charged species in the cell, likely due to slow
rates of diffusion and self-exchange in the electrolyte.

Beginning with the 30th cycle, the capacity began to
decrease. During this time, the Coulombic efliciency increased
above 100%, which is generally indicative of side reactions.
Indeed, beginning in the 25th cycle, discharge curves showed a
secondary plateau consistent with a new species undergoing
reduction (Figure 4C). This new feature in the discharge
curves may arise from redox-active species in the wrong
electrode compartment resulting from crossover evident when
operating the device over long periods of time. Notably, the
association of active materials with charge-complementary
polyelectrolytes is in dynamic equilibrium. This equilibrium is
influenced by the state of charge of the electrode, as ion-pairing
strength will depend on the redox state of the active material. If
at a specific state of charge, the strength of ion pairing is low
and ion-separated pairs are more prevalent, this could lead to
increased rates of crossover as the effective size of the redox-
active species is that of the small molecule and no longer that
of the much larger supramolecule. Alternatively, the capacity
fade may be tied to slow but cumulative effects of evaporation
from the electrodes due to the water permeability of
polydimethylsiloxane.”> In comparison to the parallel plate
electrode geometry, devices featuring interdigitated array
electrodes showed significantly poorer cyclability, likely due
to the larger interfacial area and thinner membrane—both of
which influence the rate of crossover (Figures S13 and S14 as
well as Figure 1B). In addition, a reference cell without
polyelectrolytes in the parallel plate geometry showed no
indication of sustainable cycling (Figure S15). In this way, we
reasoned that crossover, rather than evaporation, was the most
likely explanation for the observed capacity fade.

To confirm this, we quantified the extent of crossover by
measuring the concentrations of active materials in each phase
(Figure S). After siphoning off the silicone oil, we retrieved the
cell and allowed the water to evaporate, leaving behind the
films of polymer, salt, and actives on each of the current
collectors. We carefully retrieved the contents from each phase,
diluting them in 0.5 M NH,Cl prior to analysis by CV (Figure
S16). The methyl viologen concentration in the PEG phase
and the ferrocyanide concentration in the dextran phase were
then measured electrochemically against calibration curves
using the cathodic peak current of methyl viologen and the
anodic peak current of ferrocyanide to avoid interference from
oxygen/hydrogen evolution reactions. We found that ~12% of
methyl viologen and ~20% of ferrocyanide diffused across the
coacervate membrane after 24 h of annealing and 884 h of
cycling. Thus, up to 20% of the capacity fade observed during
this period can be attributed to crossover, whereas other
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Figure 5. Estimated membrane-blocking ability reported as a blocking
ratio, Dy,/D Here, Dy is the diffusion of the active material in the
electrolyte and D is the effective diffusion of the active material
through the coacervate membrane.

phenomena, including increased polarization due to water
evaporation, are responsible for the rest.

With these data, we estimated the membrane-blocking
ability. To calculate the diffusive permeability of each active
material across the PSS—PDADMA coacervate membrane,
D.g requires that the initial and permeated concentration of
active materials is known alongside the total electrolyte
volume, the total time during which the actives were in
contact with the membrane, as well as the surface area and
thickness of the membrane (eq 3 in the Methods section).*'
While these variables are known or were determined, the
thickness of the membrane was difficult to measure, as it self-
forms with a relatively small area at a liquid—liquid interface at
an orientation that is normal to the plane of the underlying
substrate. Elsewhere, the thickness of PSS—PDADMA
coacervate films assembled layer-by-layer at a salt concen-
tration of 0.5 M reached up to 500 nm for 30 layers.””*® In the
absence of the layer-by-layer technique, PSS—PDADMA
coacervate membranes are not usually as thick:'” scanning
electron micrographs of a PSS~PDADMA assembly, similar to
the one explored here, were only a few hundred nanometers
thick.*” Even if we assume that the PSS—PDADMA membrane
was 500 nm thick, D4 can be no more than 5.8 X 107'* and
9.6 X 107" cm® s7! for methyl viologen and ferrocyanide,
respectively. Therefore, the membrane-blocking ability, D,/
D, for methyl viologen and ferrocyanide was estimated to be
at least 8.7 x 10* and 2.7 X 10* respectively; Dy, values were
taken from polyelectrolyte complexes of the uncharged species
taken in either dextran or PEG aqueous electrolyte phases
(Table 1). This is remarkable in that values of D,,/D. > 10*
are rare for membranes and small-molecule active materials,
more often requiring conformationally rigid microporous and
nanoporous polymer membranes, whose voids are on the same
length scale as the solvated actives.”** Careful screening of
redox-active species and polyelectrolytes for a more robust
binding may further mitigate crossover and improve the
cycling stability of structured-liquid batteries

B CONCLUSIONS

Our results demonstrate that it is now possible to precisely
define the electrochemical potential in compartmentalized
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chemical systems comprising multiphasic liquids that are
printed or patterned in arbitrary shapes and forms, provided
they meet at an interface. We are able to maintain such systems
far from chemical equilibrium by controlling the rates of mass
transfer between the two liquid phases. We achieved this by
increasing the effective size of the active materials through ion
pairing with charge-complementary polyelectrolytes and by
blocking the crossover of these supramolecular redoxmers with
polyelectrolyte coacervate membranes that self-form at the
interface between the liquid phases. In the absence of such
control, the stored chemical energy would normally be
dissipated internally through cross-annihilation via redox
reactions. With this control, it becomes possible to harness
the stored chemical energy to perform useful work, e.g,
powering a load on an external circuit as the structured-liquid
battery is discharged. This behavior, which has been realized
here in an artificial synthetic system with broad tunability, is
reminiscent of biological systems that stay out of equilibrium
by compartmentalizing function in both membrane-bound and
membrane-less organelles, allowing them to adapt and respond
to local chemical and environmental cues as well as various
physical stimuli. We further see intriguing opportunities to
understand and control coacervate membrane assembly and
reconfigurability using well-controlled ion fluxes at liquid—
liquid interfaces, as is possible with structured-liquid
batteries.”* ¢

B METHODS

Materials. Dextran from Leuconostoc spp. (Sigma-Aldrich, M,
450 000—650 000), poly(ethylene glycol) (PEG, Aldrich, M,
20 000), sodium ferrocyanide decahydrate (Na,Fe(CN)¢10H,0,
Sigma-Aldrich, 99%), methyl viologen dicholoride hydrate (MV,
Sigma-Aldrich, 98%), poly(sodium 4-styrenesulfonate) (PSS—Na,
Sigma-Aldrich, M,, 70 000), poly(diallyldimethylammonium chloride)
(PDADMA~—CI, Sigma-Aldrich, M,, 200 000—350 000), ammonium
chloride (NH,Cl, Sigma-Aldrich, 99.5%), trichloro(1H,1H,2H,2H-
perfluoro)octylsilane (PFOTS, Sigma-Aldrich, 97%), 3-mercaptopro-
pionic acid (Sigma-Aldrich, 99%), hexanes (EMD, 99.9%), and
silicone oil (Sigma-Aldrich, 10 cSt) were used without further
purification. Typically, 18.2 MQ water was obtained from a Millipore
Milli-Q water purification system. Ammonium ferrocyanide heptahy-
drate ((NH),Fe(CN),7H,0) was prepared according to a literature
procedure.*”

Instrumentation. All electrochemistry experiments were per-
formed using a BioLogic VMP3 potentiostat inside a VAC OMNI-
LAB glovebox filled with nitrogen.

Cyclic Voltammetry. Six aqueous solutions were prepared: (a) 10
mg mL™" Na,Fe(CN)10H,0 and 0.5 M NH,C]; (b) 100 mg mL™"
PEG, 10 mg mL™" Na,Fe(CN) 10H,0, and 0.5 M NH,CJ; (c) 100
mg mL™" PEG, 10 mg mL™' PDADMAC, 10 mg mL™" Na,Fe(CN),
10H,0, and 0.5 M NH,CJ; (d) 10 mg mL™' MV and 0.5 M NH,C};
(e) 150 mg mL™" dextran, 10 mg mL™" (w/v) MV, and 0.5 M NH,CJ;
and (f) 150 mg mL™" dextran, 10 mg mL™" PSS, 10 mg mL™" MV,
and 0.5 M NH,CI. A 3-mm glassy carbon electrode was used as the
working electrode. A Pt wire was used as the counter electrode. A
AgCl/Ag in 3.0 M NaCl electrode was used as the reference electrode.
Cyclic voltammetry with scan rates of 10, 20, 50, 100, and 200 mV s™*
was performed to each of the solutions. The diffusion coefficients of
the active materials were evaluated by plotting peak current vs scan
rate based on Randles—Sevcik equation

1/2
i = 0.4463nFAc( nEvD )
P RT (1)

where i, is the peak current of cyclic voltammetry in A, n is the
number of electrons transferred in the redox event, A is the electrode
area in cm?, F is the Faraday constant in C mol™, D is the diffusion

3985

coefficient in cm? s7!, C is the concentration of the active material in
mol cm™, v is the scan rate in V's™), R is the universal gas constant in
J K ! mol™), and T is the temperature in K.

Small-Angle X-ray Scattering (SAXS). The SAXS measure-
ments were performed on a Xenocs Xeuss 2.0 SAXS instrument
equipped with a Pilatus 3 detector, in which the camera length was
6400 mm and the X-ray wavelength was 0.154189 nm when the
sample solutions were sandwiched between two polyimide films with
a 1.0 mm thick Teflon spacer. Each sample was exposed for 3600 s.
Aqueous solutions containing PEG, ammonium chloride, and sodium
ferrocyanide were prepared before the experiment. Shortly before
SAXS measurement of each sample, 20% PDADMA—CI solutions
were mixed with the aforementioned solution. The mixture was
shaken vigorously before being injected into the empty Teflon holders
through one of two 0.75 mm openings. The final concentrations of
the components were 100 mg mL™ PEG, 0.2 M Fe(CN)*, 10 mg
mL~' PDADMA—C], and 0—1.0 M NH,CL. The acquired data was
processed with FIT2D 18 (Beta)software.”’”

Bulk Prototype of All-Aqueous Biphasic Batteries. In a
glovebox filled with nitrogen, two 3 mm glassy carbon electrodes were
installed onto a custom-made electrochemical cell (Figure S3a). A 10
mL of aqueous solution containing 15% (w/v) dextran, 1% (w/v)
PSS—Na, and 0.5 M NH,ClI was added to the bottom. Another 10 mL
of aqueous solution containing 10% (w/v) PEG, 1% (w/v)
PDADMA~-CI, and 0.5 M NH,CI was added carefully on the top
of the first solution. The biphasic mixture was allowed to age
overnight. Typically, 0.5 mL of the solution was carefully withdrawn
from the bottom phase and used to dissolve 1.4 mg (0.2 mmol) of
MV. The solution was injected back to the bottom phase. One
milliliter of the solution was taken from the top phase and used to
dissolve 96.8 mg (0.2 mmol) of Na,Fe(CN),-10H,0. The solution
was added slowly back to the top phase. The biphasic mixture was
allowed to equilibrate overnight again. The battery was charged/
discharged between 1 and 0 V.

Preparation of Current Collectors. Micro slides (VWR,
nominal 1” X 3”) were cleaned using UV-ozone for 20 min and
covered by polyimide tape. The tape was carved into the designed
shape (Figure S8) using a razor blade. A S nm layer of Cr and a 100
nm layer of Ag were deposited sequentially on the exposed surface
using a thermal evaporator at 0.05—0.1 and 0.2-0.5 nm s/,
respectively. The metal coating was aged for at least 24 h. The
polyimide tape was carefully removed after being rinsed by
chloroform. The slides were flipped and immersed in 0.1% PFOTS
in hexanes for 1 min. The treated slides were rinsed extensively with
acetone. After the slides became dry, a 1% 3-mercaptopropionic acid
aqueous solution was deposited on top of the Ag surface. After the
slides stood for 1 min, the aqueous solution was removed. The treated
surface was washed extensively with water. Then, a 1% ammonia
solution was used to neutralize the surface. The unreacted ammonia
was rinsed away with water and let dry.

Resistance Measurements. Resistance of the cells or solutions
was measured by electrochemical impedance spectra from 200 kHz to
0.1 Hz with 100 mV sinus amplitude.

Viscosity Measurements. Viscosities of the solutions were
measured with a RheoSense microVISC viscometer with A0S
cartridge. Measurements were taken at 22 °C.

Fabrication of Structured-Liquid Batteries. A treated glass
slide with current collectors was transferred into a glovebox and
placed inside a 30 mm X 76 mm rectangular glass dish. The glass dish
was placed inside a plastic container with two holes in the lid. Two
open vials of water were placed inside the container to create a moist
environment. An aqueous solution containing 100 mg mL™! PEG, 10
mg mL™' PDADMA—C], and 0.5 M NH,Cl was added slowly to one
current collector. Another aqueous solution containing 150 mg mL™"
dextran, 10 mg mL™' PSS—Na, and 0.5 M NH,Cl was added
simultaneously to the other current collector. The two solutions were
added until they merged on the gap between the two current
collectors. Typically, 0.45 mL of each of the solutions was consumed.
Silicone oil was added on the top of aqueous solutions until the
aqueous phase was thoroughly immersed. The two current collectors
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were, respectively, connected to the working electrode and counter/
reference electrode clamps using silver rods. The polyelectrolyte
solutions were allowed to age overnight. (NH,),Fe(CN)47H,O and
MV were dissolved in the aforementioned PEG solution and dextran
solution, respectively, and added carefully to their corresponding
phases to make the final concentration of active materials in each
phase at 0.2 M. The active materials were allowed to diffuse for 24 h
before charge and discharge. The theoretical capacity of the cell was
calculated by Cy,, = FcV = 2.7 mA h, where F is Faraday constant, c is
the molar concentration of the active species, and V is the electrolyte
volume.

Estimation of Water Evaporation Rate. Previous literature
showed that a similar system containing dextran and PEG had little
difference in water loss rate in comparison to pure water.*’ Therefore,
we can estimate the water loss rate without any evaporation
mitigation based on pure water and Langmuir’s equation for
evaporation.

M
=A(p, - PP), ART @)

To simplify the estimation, we assume that the environment inside
our glovebox is 20 °C with 1.0 in Hg overpressure and a high water
content of 2.0% (RH ~ 90%). For the parallel block cell, the surface
area, A = 8.04 X 10™* m? the saturated water vapor pressure, p, =
2.34 X 10° Pa; the water partial pressure, p, = 2.09 X 10° Pa; the
water molar mass, M = 0.0180 kg mol™’; the gas constant, R = 8.314 ]
K ™! mol™; and the temperature T = 293 K. Therefore, the water loss
rate, dm/dt, can be estimated to be 2.18 X 107° kg s7!, which
translates to a complete water loss at roughly S00 s. This highlights
the necessity of an under-oil approach for long-term device operation.

Structured-Liquid Cell Cycling. Under-oil all-liquid electro-
chemical cells were charged galvanostatically until a potential limit of
1.0 V or until the theoretical capacity was reached, after which the
cells were allowed to rest for 2 h. They were then discharged
galvanostatically until a potential limit of 0.2 V. A constant voltage
discharge at 0.2 V was applied until the current dropped below 3 pA.
The cells were subsequently allowed to rest for 2 h before initiating
the next cycle.

Analysis of Active-Material Crossover. After cell cycling, the
silicone oil was removed from the cell holder. The all-aqueous cell
turned into a piece of thin, soft film within 1S min. The film was
peeled off completely from the current collectors and cut at the
interface of the two phases. Each of the two phases was diluted with
0.5 M NH,Cl in volumetric flasks to 5.0 mL. Cyclic voltammetry was
used to measure the concentration of MV in the PEG phase and
ferrocyanide in the dextran phase. Calibration curves were established
by adding MV into the PEG phase and ferrocyanide into the dextran
phase. To make the PEG phase, 41.0 mg of (NH),Fe(CN),-7H,0,
134 mg of NH,ClI, 6.0 mg/30 uL of PDADMA~—CI 20% solution, and
60 mg of PEG were diluted to 5.0 mL. To make the dextran phase,
25.7 mg of MV, 134 mg of NH,C], 6.0 mg of PSS—Na, and 90 mg of
dextran were diluted to 5.0 mL. Typically, 12.8 mg of MV was
dissolved in 25 uL of the PEG phase and added into the remaining
PEG phase in 2.5 uL of increments corresponding to 5.2, 10.4, 15.5,
20.6, 25.6, 30.6, 35.5, 40.4, and 45.2% crossover of MV. Typically,
20.5 mg of (NH),Fe(CN)¢7H,0 was dissolved in 25 uL of the
dextran phase and added into the remaining dextran phase in 2.5 uL
of increments corresponding to 5.2, 10.4, 15.5, 20.6, 25.6, 30.6, 35.5,
40.4, and 45.2% crossover of ferrocyanide.

Calculation of the Effective Diffusion Coefficient across the
Membrane. The effective diffusion coefficient, D 4 was calculated
based on our previously reported analytical method™*

Coem(DIV
CoAt (3)

where C, and C, 0.2 M are the permeated and initial
concentrations of the active materials, respectively, [ is the thickness
of the coacervate membrane, V = 0.5 cm® is the volume of the
electrolyte, A = 0.16 cm? is the surface area of the membrane, and t =

dm
dt

Dy =
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327 x 10° s is the time between addition of active materials and
disassembly of the cell. Cp..,,/Cy was measured by postmortem cyclic
voltammetry, vide supra.
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