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ABSTRACT

A critical bottleneck in the development of aqueous electrochemical energy storage
systems is the lack of viable complete cell designs. We report a metal-free, bipolar pouch cell
designed with carbon black/polyethylene composite film (CBPE) current collectors as a practical
cell architecture. The light-weight, corrosion-resistant CBPE provides stable operation in a
variety of aqueous electrolytes over a ~ 2.5 V potential range. Because CBPE is heat-sealable, it
serves simultaneously as both the pouch cell packaging and seal in addition to its use as a current

collector. Although this non-metallic composite has a low electrical conductivity relative to
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metal foils, current travels only a short distance in the through-plane direction of the current
collector in the bipolar cell configuration. This shorter path length lowers the effective electrical
resistance, making the design suitable for high-power applications. We test the cell architecture
using an aqueous ZnBr; battery chemistry and incorporate tetrabutylammonium cations to
improve the intrinsic low Coulombic efficiency and fast self-discharge of non-flow ZnBr; cells.
These devices demonstrate a cell-level energy density of 50 W h L™ ata 10 C rate (0.5 kW L™),
with less than 1% capacity loss over 500 cycles. A large-area (> 6 cm?) 4-cell stack is built to
illustrate that the pouch cells are scalable to practical dimensions and stackable without
sacrificing performance. The device operates in the range of 5-7 V and has an internal self-
balancing mechanism that prevents any individual cell in the stack from overcharging. The
results thus demonstrate both a conceptually new cell architecture that is broadly applicable to

many aqueous electrolyte chemistries and a specific high-performance example thereof.

BROADER CONTEXT

Most battery research focuses on active electrode materials and/or electrolytes. This
approach, however, neglects key materials that determine the commercial viability of the
complete cell, e.g., current collectors and packaging. A “total-device” research perspective is
essential for aqueous electrochemical energy storage. Commercialized aqueous secondary
batteries operate in alkaline media using nickel current collectors, or in acid using lead current
collectors.! Lead, however, is heavy, and nickel is corroded in all but basic conditions, making
them ill-suited for developing new electrolytes and cell chemistries. Instead, researchers use coin
cells, Swagelok® cells, or custom-built cells: setups that scale poorly for practical applications.

To address the need for a scalable aqueous platform, we designed a pouch cell with lightweight
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carbon/polymer composite film current collectors. The composite is stable over a range of pH
and compatible with virtually any aqueous electrolyte chemistry. We demonstrate the flexibility
of the design by building a prototype zinc-bromine battery. The 4-cell stack matches the voltage
range of a 6 V Pb-acid battery with a comparable energy density, but much higher power and
cycling stability. The technology has potential applications in automotive engine start-stop,
uninterruptible power supplies, hybrid electric vehicles, electrical grid storage, and heavy

machinery.

INTRODUCTION

Aqueous electrochemical energy storage is currently under intense investigation and
development due to its promise of low-cost, environmentally-friendly, high-power, and safe
operation.””’ Despite recent advances with electrode materials and electrolytes, however,
translations of new systems into practical applications are scarce and the existing
commercialized aqueous technologies (NiMH, NiCd, NiZn, and Pb-acid) have not been
displaced." This lack of commercialization is largely due to incompatibilities with current
aqueous cell designs and the cost and technical difficulties in transitioning from lab-scale cell
architectures to large-scale manufacturable devices. It is thus important not only to improve
active materials, but also to develop strategies that encompass the design of the entire cell and its
passive components. The current collector (CC), in particular, is an essential, but often
overlooked, component of all electrochemical energy storage devices that has a significant
impact on the viability of upscaling.

Current collectors provide mechanical support for the active materials in the electrode

and a path for electrons to travel to and from the device terminals. A CC designed for
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commercial high-power aqueous devices must be low-cost, electrically conductive, mechanically
robust, and (electro)chemically stable in the electrolyte under a wide range of working potentials.
Additionally, CCs must be thin and lightweight to fulfill volume and weight goals. Designing or
selecting CCs that simultaneously meet all of these critical requirements is challenging. Metal
foils, for example, provide high electronic conductivity, but aqueous electrolytes corrode most

3,10-13
’ Even these

metals, limiting practical choices to stainless steel, nickel, or titanium.
metals/alloys are unstable in acidic media, limiting their use to neutral-pH and alkaline
chemistries.

Carbon, in principle, has several advantages over metal as a current collector. Carbon
allotropes are stable over a wider range of electrolytes,'* and typically have a lower contact
resistance with electrode materials due to the lack of a passivating oxide layer.15 Carbon
suppresses hydrogen and oxygen evolution due to large kinetic overpotentials, which effectively
widen the electrochemical stability window in aqueous electrolytes.” Consequently, the use of
carbon as a current collector has been well explored. Expanded graphite foil has been shown to
be a suitable current collector for aqueous electrochemical energy storage, but one drawback is
its porous structure, which makes it permeable to electrolyte.*'*** Carbon fiber and carbon
nanotube papers and mats have also been used, but are again porous, fragile, and too resistive for
practical application.3’17 In flow batteries and fuel cells, rigid graphite or carbon/polymer
composite plates are commonly employed as CCs, but these massive components are often
responsible for the majority of the cost, weight, and volume of the stack, making them

unattractive for use in compact, portable (non-flow) cells. !

Likewise, although pyrolytic
graphite is resistant to corrosive electrolytes, it is not mechanically tough and its high cost rules

it out as a CC candidate for mass production.”'
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Here we report the use of a thin (70 um) carbon/polymer composite film as a current
collector material. Although many different carbon/polymer films can be produced, we focus on
a carbon black/polyethylene composite (CBPE).” This material is commercially available (mass-
produced for antistatic packaging), low-cost, and lightweight (see SI for detailed properties). We
systematically investigate and demonstrate that CBPE exhibits a wide electrochemical stability
window in a variety of aqueous electrolytes; however, its low conductivity prevents its use as a
CC in a conventional cell architecture. To address this critical drawback, we used a bipolar
pouch-cell architecture in which the current flows through-plane instead of in-plane, shortening
the distance the current must travel through the CBPE CC, and hence lowering the effective
resistance. This configuration permits one to choose a current collector material with a higher
resistivity than previously, thus solving the low electrical conductivity issue of using CBPE.
Further, the flexible, electrolyte-impermeable, and heat-sealable CBPE composite serves
simultaneously as the cell packaging and seal in addition to its role as current collector, enabling
the simple construction of stacked pouch cells with shared bipolar CCs. Compared to previous
work on carbon/polymer composite CCs, this design is advantageous because it uses thinner
materials, simplifies construction/sealing, and does not require metallization or modification of
the material. > %

To test this concept for use in aqueous electrochemical energy storage, we construct non-
flow zinc-bromine batteries. These devices show that the system operates effectively under
challenging conditions that combine a corrosive and acidic electrolyte with a wide range of
operating voltages. These cells incorporate tetrabutylammonium bromide and activated carbon to
address the problematic low power densities, poor Coulombic efficiency, and fast self-discharge

rates typical of zinc-bromine batteries.**?” We achieve a cell-level energy density of 50 W h L™
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ata 10 C rate (0.5 kW L"), with less than 1% capacity loss over 500 cycles. Additionally, we
report a large 4-cell stack to illustrate the scalability of the pouch cells without sacrificing
performance. The resulting device employs three bipolar CCs, operates in the range of 6-7 V,
and has an internal self-balancing mechanism that protects the individual cells in the stack from

overcharging damage.

RESULTS AND DISCUSSION

Electrochemical stability of current collectors

A broadly applicable current collector must withstand wide anodic and cathodic
polarization and resist corrosion in neutral, acidic, and basic pH electrolytes. The corrosion
protection of metals such as stainless steel (SS), nickel, and titanium derives from the formation
of surface passivation layers. Passivating metal oxide films, however, are electrically insulating,
resulting in high interfacial contact resistance between the electrode and current collector.'” Even
in neutral-pH electrolytes, passivated metals are susceptible to pitting corrosion under anodic

102829 1 other cases the

bias when aggressive anions such as halide salts or sulfates are present.
current collector can be stable and still cause cell performance degradation via electrolyte
decomposition, especially with metals such as platinum and gold that facilitate water splitting.’
We investigated the electrochemical stability window of CBPE and compared it to SS,
Ni, and Ti metal current collectors for aqueous devices using linear sweep voltammetry (Fig. 1).
The electrolytes tested were sodium sulfate, sulfuric acid, potassium hydroxide, and sodium
chloride, representing neutral, acidic, basic, and pitting conditions, respectively. The CBPE

material shows the highest overpotential for hydrogen evolution in all electrolytes tested on the

cathodic sweep, indicating wide compatibility with different pH values and electrolyte

Page 6 of 31
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conditions. On the anodic sweeps, CBPE also exhibits much higher stability than Ni and SS. In
sulfuric acid (1 M H;S0O,), for example, Ni corrodes immediately, and although SS shows some
corrosion resistance, its stability limit is almost 1 V lower than that of CBPE. With chloride
present in the electrolyte (1 M NaCl), CBPE is stable to ~1.4 V vs. Ag/AgCl, beyond the
potential at which Cl is oxidized to chlorine gas (Cl,). In contrast, Ni and SS are susceptible to
pitting corrosion under anodic bias with the halide salt present. Titanium appears to have even
higher stability on the anodic sweep in some electrolytes, but this electrochemical behavior is
likely due to the formation of an oxide passivation layer that would result in a high contact

resistance at the electrode/CC interface.

—— CBPE
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Fig. 1 Relative electrochemical stability of candidate current collectors in different aqueous
electrolytes. Linear sweep voltammetry of stainless steel (SS), nickel, titanium, and carbon
black/polyethylene composite film (CBPE) reveals the relative stability window of these
materials in 1 M H,SO4, 1 M Na,SO4, 1 M NaCl, and 1 M KOH electrolytes. The flat region in
the center of each sweep represents the electrochemical stability window. On the cathodic sweep
an increase in current represents hydrogen evolution, and on the anodic sweep an increase in

current represents oxygen evolution, corrosion, or anodization.
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In many aqueous electrolytes, cells can be charged beyond the thermodynamic 1.23 V
stability window of water to increase power and energy, provided appropriate current collectors

29-32
and electrodes are used.

The electroanalytical study above shows that the CBPE material
provides a stability window of ca. 2.5 — 3 V in a variety of aqueous electrolytes and pH values.
Other materials have much narrower stability windows, suggesting that it is the CC that limits
the electrochemical stability window in many cases rather than the electrolyte. The wider
stability window with the CBPE composite, therefore, provides an opportunity to extend

operating voltages for further development of new electrodes and electrolytes without limitations

from the current collector.

Electrical conductivity — monopolar versus bipolar cell design

Current collectors (CCs) must have high electrical conductivity to minimize cell
resistance. One often-cited advantage of aqueous rechargeable batteries and electrochemical
capacitors is the large power density (viz., cycling on the order of 100 Cor 10 A g,
respectively) that is possible due to the high ionic conductivity of aqueous electrolytes.”>> While
these high rates are achievable in coin-type cells, performance decreases when these systems are
scaled up and the cell design becomes dependent on CC resistivity/conductivity. In this work, we
compare three metallic CCs (stainless steel, nickel, and titanium) and three carbon-based CCs
(expanded graphite, pyrolytic graphite, and CBPE) and analyze which are suitable for different
aqueous cell designs and sizes. As a reference, the resistivities, p, of these materials are

summarized in Table S1 and shown graphically in Fig. 2c.
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A fundamental challenge with a typical monopolar cell architecture for high-power
devices is that current flows in-plane in the current collector through a small cross-sectional area
(we refer this platform as a “traditional” or “conventional” cell architecture throughout). As the
cell height, L, increases, a correspondingly larger current must flow over longer distances
through the same cross-sectional area, 4, significantly increasing ohmic losses (Fig. 2a). These
losses force one to use thicker current collectors in larger cells to decrease their resistance, R,
which is inversely proportional to A. Fig. 2¢ illustrates the maximum allowed resistivity (and the
equivalent minimum required conductivity) of a CC material in a hypothetical high-power device
as a function of cell size (i.e. height in the model here), for several CC thicknesses. The
calculation is performed for a case that limits the CC contribution to the /R drop to 100 mV at a
current density of £100 mA ¢cm™ (Fig. S1 and calculation details in SI). This requirement ensures
that during high-rate charge and discharge of a 1 V cell, for example, less than 10% of the total
energy is lost to CC ohmic I°R losses as heat. Under these conditions, in-plane current flow in
the conventional cell configuration puts a significant constraint on the allowed resistivity of the
CC materials (the CC materials from Table S1 are added to Fig. 2¢ for comparison). For the
high-power conditions evaluated, it is apparent that expanded graphite (EG), for example, is only
suitable for small cells (cell size <2.5 cm). In larger cells, much thicker EG sheets would be
needed, degrading the cell-level volumetric and gravimetric power and energy performance.
Metals have better conductivity than EG and can therefore accommodate larger cell sizes before
the CCs become prohibitively thick. Although it is stable and corrosion-resistant, CBPE is
unusable in a conventional cell format due to its large resistivity, which is ~5 orders of

magnitude too high.
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a) String of Monopolar Cells b) Bipolar Cell Stack
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Fig. 2 Monopolar and bipolar cell architectures. (a) Series string of three monopolar cells
showing typical cell components. Current flows in the plane of the current collector to external

tabs which connect the cells in the pack. The equation illustrates that the combined resistance, R,

from the two CCs in each cell is high when current travels long distances through a small area, 4.

(b) Three equivalent cells with the same components and dimensions arranged in a bipolar cell
stack, where current flows directly between cells by traveling in the through-plane direction of a
shared bipolar current collector. For cells with the same current collector material, the resistance
will be lower in the bipolar configuration due to the shorter path length, z, and larger cross-
sectional area, 4. (c) Maximum acceptable resistivity versus cell size (L) shown for 25-, 50-, and

10
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100-um-thick CCs for monopolar cells (orange curves) and bipolar cells (purple lines). Actual
resistivity values for metal CC materials (dotted gray lines) and carbon CC materials (dashed
black lines) are included for comparison. The calculations assume perfect tabbing and uniform
current density with the constraint that CC IR drop is < 100 mV at = 100 mA c¢m 2 (CC IR drop
is from the internal resistance due to current collectors only, and neglects contributions from
electrodes, electrolyte, and contact resistance). EG = expanded graphite, PG = pyrolytic graphite,
and SS = 316L stainless steel.

To circumvent the insufficient electrical conductivity of CBPE in a conventional cell
architecture, a bipolar cell design can be used. In this configuration, current flows through-plane
over a distance of less than 100 um instead of in-plane over a distance of centimeters, allowing
for the current collector material to have higher resistivity (Fig. 2b). Because CCs are shared
between adjacent cells in a bipolar cell stack, a single CC serves as the positive current collector
for one cell and the negative CC for its neighbor. This arrangement presents a technical
challenge by requiring the CC material to be stable under both anodic and cathodic bias
extremes, and thus excludes many CC materials from use in a bipolar cell architecture.
Importantly, the wide electrochemical stability window of CBPE satisfies this criterion, making
it an ideal candidate for bipolar cells.

Repeating the CC resistivity calculations for bipolar architectures (purple lines in Fig. 2¢)
shows that the resistivity of CBPE (3.5 Q-cm) is significantly lower than the required values of
200 or 50 Q-cm for 25 or 100 um-thick bipolar CCs, respectively (example calculation in the
SI). This confirms that the short path length, z, traveled by current in the bipolar cell design as
well as the larger cross-sectional area, A, solve the problems associated with CBPE’s low
electrical conductivity (Fig. 2b). An added benefit of the bipolar configuration is that the current

density is uniform at all points in the cell, so the current collector requirements stay constant as

11
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the cell scales to larger sizes. This uniform current density also eliminates voltage gradients
between the tabbing point and the opposite edge of the current collector found in a monopolar

design, producing uniform charging, discharging, and heat generation across the entire electrode.

Areal cost, mass, and volume

In electrochemical energy storage, cost, mass, and volume must be minimized in order to
optimize an overall figure of merit for the entire system. This requirement applies to all cell
components, including current collectors, and not just to active materials.*** For example, if an
electrode has a mass loading on the order of 10 mg cm > and a current collector also has an areal
mass of 10 mg cm 2, the effective gravimetric performance metrics of the electrode are reduced
by 50% (or by 33% for double-sided coating), before considering further performance reductions
from the mass of electrolyte and other passive cell components. Bipolar designs decouple some
of the current collector requirements and tradeoffs. Unlike the behavior in a conventional
monopolar cell architecture, thinner CC materials decrease ohmic losses in bipolar cells, as
discussed in the previous section and illustrated in Fig. 2¢c. Thinner CC materials increase cell-
level volumetric and gravimetric performance and decrease material costs (except for extremely
thin specialty materials, where processing costs exceed the savings from using less total
material). This relationship means that for any cell size, the selection of bipolar CC material
should be based on the minimum commercially available thickness.

The thickness, areal cost, and areal mass of the thinnest mass-produced form found on the
market for the three metallic and three carbon-based CCs are discussed in the SI and summarized
in Table S1 and Fig. S2. The different materials each have unique disadvantages. Expanded

graphite, for example, is thick relative to the other materials at 130 um. Stainless steel and nickel

12
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are heavy, with areal mass greater than 20 mg cm ~. Finally, titanium and pyrolytic graphite are
expensive, with areal costs of approximately $5-$10 m 2. Of the materials investigated, only the
CPBE composite offers both low areal cost and mass ($1.6 m > and 8.1 mg cm 2, respectively) at
an acceptable thickness (70 pm). We note that the thinness of the CBPE is critical for non-flow
battery applications, and distinguishes it from the carbon-polymer composite plates used in flow
batteries, which have 20-50 times higher areal cost and mass due to their increased thickness (1-5
mm) and the fact that they are produced with compression or injection molding rather than roll-
to-roll processing.35_37 The drawback of CBPE is its low electrical conductivity, but when
incorporated as a thin film in a bipolar configuration it becomes an ideal CC candidate for low-

cost, high-performance aqueous electrochemical energy storage.

Electrolyte permeability

After low thickness, cost, electrical resistance, and mass, the final requirement of a
bipolar CC material is low electrolyte permeability. If the film is permeable to the electrolyte,
leakage current carried by the redox electrolyte would flow between adjacent cells. Electrolyte
could also escape from the device. To test the permeability of CBPE, a piece of the film was
placed in the center of an H-cell to separate pure water on one side from an aqueous 1 M HBr
solution on the other. After 72 h, no pH decrease was measured in the water chamber, indicating
negligible crossover of HBr across the CBPE film (Table S2 and Fig. S3). In contrast, repeating
the experiment with a 130 um-thick sheet of expanded graphite showed a gradual decrease in the

pH of the water that corresponds to a high HBr permeability.

13
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Heat-sealed bipolar pouch cells

Another key property of the CBPE material is that the thermoplastic polyethylene in the
composite is both flexible and heat sealable. Taking advantage of all of these properties for
device engineering, we investigated both individual pouch cells (single CBPE pouch) and
stacked bipolar pouch cells (stacked CBPE pouch) where this single composite material serves
multiple functions as the cell packaging, current collector, and seal. This concept is illustrated in
Fig. 3a, where the cross-sectional schematic and exploded views show how the CBPE material is
directly fused with a polyethylene plastic spacer after assembly, encapsulating a cell stack in a
sealed pouch. With both the spacer and CBPE being flexible and heat-sealable, alignment and
cell construction are straightforward, and the design can be extended to different cell sizes and
electrode geometries.

For a single stand-alone cell (Fig. 3a), the impermeable CBPE CCs mainly serve the
purpose of protecting metallic endplates from the corrosive aqueous electrolyte. The additional
advantages of the design come from its stackable nature, where the total voltage for an n-cell
stack equals n x E¢ (Fig. 3b). In this configuration, the CBPE films shared between adjacent
cells function as true bipolar CCs, and the weight, volume, and cost of each are effectively
halved relative to that of a single, stand-alone cell. Similarly, the weight, volume and cost of the
single pair of endplates is divided among all the cells in the stack. With a heat-sealed, bipolar
pouch architecture, the CBPE composite therefore attains a favorable combination of high
electrochemical stability, sufficient conductivity, and low cost and weight. In addition, because
commercial heat sealers are widely available, CBPE is mass-produced, and the plastic spacers
are cut from inexpensive polyethylene, this fabrication process and device architecture can be

easily applied to a wide range of aqueous electrochemical energy storage technologies.

14
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Single CBPE Pouch Cell
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Fig. 3 Single and stacked pouch cells. (a) Exploded view, cross-sectional view, and
photographs of a single pouch cell. The cell stack, comprised of freestanding electrodes and a
separator, is placed between two CBPE current collectors and surrounded by an insulating plastic
spacer. The current collectors are heat-sealed to either side of the spacer to seal the cell. (b)
Exploded view and photographs of a larger bipolar pouch with two cells in series and a cross-
sectional view of an n-cell bipolar pouch. The photographs in (a) are of a single small pouch cell
with round, 11-mm-diameter (300-um-thick) freestanding electrodes while the photographs in
(b) show a larger, bipolar pouch containing two cells in series, each with a pair of square 4 cm x
4 cm (450-um-thick) freestanding electrodes. The pouch cells are metal-free. Any metal used
externally as stack endplates is protected from corrosion as the electrolytes are contained by the

CBPE material.
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Demonstrating CBPE pouch cells with a zinc bromine battery

In order to test the utility of pouch cells with CBPE current collectors (CBPE pouch
cells) in a demanding application with aggressive aqueous electrolytes, we built aqueous
rechargeable batteries with zinc-bromide electrolyte. The battery’s basic electrochemistry is

. 19
summarized below:

Negative: Zng) 2 Zn" +2 ¢ °=_0.76 V vs. SHE
Positive: Br, +2¢ 2 2 Br E°=1.07 Vvs. SHE
Overall: Zng) + Br, 2 ZnBr, e = 1.83V

At the negative electrode, zinc has a reduction potential of -0.76 V vs. SHE at its acidic
operating range of pH 1 — pH 3.5. This reduction potential is outside of the thermodynamic
stability window of water, but zinc possesses a large overpotential for hydrogen gas evolution,
minimizing electrolyte decomposition.”® At the positive electrode, oxidation of bromide to
bromine occurs at 1.07 V vs. SHE to give an overall cell voltage of 1.83 V for ZnBr, batteries,
higher than any commercialized aqueous battery systems with the exception of Pb-acid batteries
(ca. 2.1 V).*® This combination of the corrosive bromide anion, an acidic pH, and a wide
operating voltage provides a challenging environment not compatible with cell designs that use
metallic current collectors, making the zinc-bromine chemistry a good candidate for testing the
CBPE pouch-cell platform.

One challenge in the design of (non-flow) zinc bromine pouch cells is the low Coulombic
efficiency and fast self-discharge caused by the cross-diffusion of Br;, which readily forms from
Br, in aqueous electrolytes containing Br~ anions.**** We previously found that
tetrabutylammonium bromide (TBABr) reversibly complexes Brs™ in a solid phase, [TBA" - Br;~

](s)> preventing its diffusion across the cell.* However, TBAB is not soluble in zinc bromide

16
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electrolyte because bromozincate anions, [ZnBrs]*, readily precipitate as an insoluble complex

42745 T solve this

with TBA", preventing ex situ preparation of ZnBro/TBABTr electrolyte.
problem, the activated carbon positive electrode is pre-soaked in a TBABTr solution to pre-adsorb
this Br;~ complexing agent at the surface. Next, the electrode is contacted with a paper separator
containing zinc-bromide electrolyte and assembled into a cell. This procedure ensures that when
a TBA/bromozincate complex precipitates, both the complex and the TBA" it contains are
retained in the high-surface-area pores of the electrode (Fig. S4). After preparing the cell stack,
the full assembly is heat-sealed into a single CBPE pouch cell (Figs. S5 and S6; experimental
details in the SI). When the full ZnBr,/TBABTr cell charges, Br is oxidized to Br;™ at the positive
electrode, which complexes with pre-adsorbed TBA" and forms a solid at the electrode surface.
For the negative electrode, zinc is plated directly from the electrolyte as a solid metal deposit on
the CBPE current collector (cyclic voltammetry in Fig. S7). Both of these processes are reversed
upon discharge of the cell (Fig. 4a).

The solid complexation of Br;” by TBA significantly slowed self-discharge compared to
a ZnBr;, cell without TBABT, increasing energy retention from 12% remaining after 6 h at open
circuit without TBABr to 75% remaining when TBABT is present (Fig. 4b), without using costly
ion-exchange-membrane separators. Further, this operating mechanism improves the Coulombic
efficiency ata 1 A g' rate from 92% to 99%. It is, however, possible that a small amount of pre-
adsorbed TBABr will diffuse throughout the cell after assembly leading to performance
degradation. To determine the extent of performance deterioration associated with loss/migration
of TBABr from the positive electrode, self-discharge tests were performed on a cell before and

after 10 days of operation. The energy retention after 6 h at open-circuit is 73% before this

extended cycling and 72% afterwards; the similarity of the self-discharge rate indicates that the

17
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TBABE- is not significantly lost from the positive electrode over this time scale and continues to

effectively complex Brs .

a) Discharged Charged

Activated Carbon

>

(TBA)zlanr4](s) rrBA+.Br3_](s)
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Fig. 4 Zinc-bromine cell charge/discharge mechanism. (a) The ZnBr,/TBABr cell is
assembled in the discharged state (left). With this electrolyte chemistry, zinc is reversibly plated
onto the CBPE CC as zinc metal at the negative electrode as the cell charges (right). The
electrolyte contains a polyethylene glycol additive to minimize zinc dendrite formation (details
in the SI).*® At the positive electrode, bromide is reversibly oxidized to tribromide and
complexed into an insoluble solid with TBA". These processes then reverse on discharge. The
electrolyte volume is exaggerated in the schematic. In actual cells, the activated carbon electrode
touches the separator and electrolyte only resides in the porous separator and electrode. (b) Selt-
discharge is measured with and without TBABr present in the cell. The fraction of the initial
discharge energy retained after different periods at open circuit is much higher for cells with

TBA' complexing agent than for equivalent cells without complexing agent.

18
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In order to quantify performance, the ZnBr,/TBABTr cells were charged by galvanostatic
cycling at 1 A g”' (normalized to the dry mass of the activated-carbon positive electrode) to a
capacity of 100 mA h g_l, and discharged to 1 V. A typical galvanostatic charge/discharge
(GCD) profile, shown in Fig. 5a, has a low /R-drop and a flat charging plateau, reaching almost
1.8 V on the charge and having an average discharge voltage of more than 1.6 V. Long term
cycling shows negligible capacity fading over 2000 cycles with a capacity of 100 mA h g™ and
an additional 500 cycles with a capacity of 150 mA h g™ (Fig. 5b). GCD profiles of the 200" and
2000™ cycle are shown in Fig. S8; no significant difference in the GCD profiles is observed,
consistent with excellent cycling stability.

Additional stability tests were performed to determine how the cell responds to being
held at high states of charge or left fully discharged for long periods of time.*”** A cell was held
at 1.75 V for 50 h, which corresponds to significant overcharging (the discharge capacity after
the voltage hold was 228 mA h g). During this voltage hold there was a large average leakage
current of 1.4 mA cm™. When normal cycling to the 100 mA h g capacity limit resumed, the
specific discharge energy decreased by 3.5 % and the /R-drop increased by 80% (Fig. S9a). This
decrease in performance was partially, but not fully, reversed upon continued cycling. In a
second test, the cell was held at 1.7 V for 100 h (Fig. S9b). In this case the average leakage
current was only 84 pA cm, the discharge capacity after the hold was 107 mA h g™, and the
GCD profile exhibited little change relative to its shape before the 1.7 V hold. Finally, the cell
was left fully discharged for 1 week, and then cycled again (Fig. S9c). After this rest, the first
cycle exhibited lower Coulombic efficiency (82 %), but the cell exhibited performance

equivalent to that before the rest after several cycles.
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To measure energy-power performance and various performance efficiencies, a series of
charge/discharge rate tests was performed from 0.1 A g_1 to2 A g_1 (1 Cto0 20 C) (Fig. 5¢). At
the most efficient conditions (1 C rate), a round-trip energy efficiency of 93% is achieved.
Charging was limited to 2 A g' (20 C) or less to prevent the formation of zinc dendrites, but
discharge can occur at much higher rates.*® Therefore, additional discharge rate tests were
performed where the cell was charged only at a single rate of 1 A g™ (10 C) and discharged at
different rates of 1 A g to 12 A g (10 C to 120 C). The GCD profiles from these tests are
shown in Fig. S12. The (gravimetric) specific energy and power values in Fig. 5 are normalized
only to the mass of the activated-carbon electrode, which has a mass loading of 12.5 mg cm?,
and the (volumetric) energy and power densities are normalized to the full volume of the cell
stack (the 1 cm? footprint of the positive electrode multiplied by the total combined thickness of
the electrode, separator, and CBPE CCs — see SI for details). These energy density and power
density values for the ZnBr,/TBABr cells are summarized on the Ragone plot in Fig. 5d. The 50
Wh L™ energy density is lower than the typical zinc-bromine redox flow battery (70 Wh L), but
the power density is significantly higher (1-2 kW L™ versus 0.1 kW L™).* This high power is
possible because the high-surface-area activated carbon positive electrode helps to overcome the
slow kinetics of the bromide redox reactions and the thin cell stack shortens diffusion distances

in the electrolyte.”®
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Fig. 5 Electrochemical performance data for a ZnBr,/TBABr CPBE pouch cell. (a) Typical
GCD profiles at different charge/discharge rates. The resulting flat charge/discharge plateaus are
in accordance with characteristic zinc-bromine cell chemistry (see Fig. S6 for details of the
testing setup). (b) Cycling stability showing charge and discharge energy at a rate of + 1 A g'
charged to 100 mA h g' for 2000 cycles and then to 150 mA h g for an additional 500 cycles.
Energies are normalized to the mass of the activated carbon electrode (left axis) and to the full
cell volume (right axis), which includes the electrode, separator, and CBPE CCs. (c¢) Charge and
discharge energy as well as Coulombic, voltage, and energy efficiency (as precisely defined in
the SI) at different rates for a cell charged to a capacity of 100 mA h g™'. (d) Ragone plot
indicating energy and power density for a cell charging to a capacity of 100 mA h g™' (solid line)

or 150 mA h g™ (dashed line). The normalization is shown for the electrode volume only
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(Veleetrode) and for the full cell volume (Vep1). Open triangles indicate points where the charge and
discharge were performed at the same rate (1 C to 20 C) while solid triangles indicate points
where charging was limited to 10 C and different high-rate discharges were performed (up to 120
C). Cell-level performance ranges for secondary batteries and electric double layer capacitors
(EDLCs) are included for reference. Additional electrochemical performance data for a 150 mA
h g™! capacity limit can be found in Fig. S10, and two-electrode cyclic voltammetry is shown in

Fig. S11.

Construction of scaled, bipolar pouch cell stacks

Encouraged by the stable cycling performance of pouch cells with aggressive ZnBr;
electrolyte in the single-cell format, we turned our attention towards the development of a
bipolar stack. A stacked system has the benefit of reaching the high voltages needed for practical
applications but is more challenging to fabricate. A bipolar pouch comprised of four cells
stacked in series was constructed using the same ZnBr,/TBABr chemistry from the individual
pouch cells (Fig. 6a). The cell stack operates over a voltage range of 6-7 V, and the GCD profile
has the same characteristics as that of a single, smaller cell (Fig. 6b). Although the scaled,
stacked system is more complex than individual cells and contains 25 times more active
electrode material, specific energy is unchanged and long-term cycling again shows negligible
capacity fading over 1000 cycles with a capacity of 100 mA h g' and an additional 500 cycles
with a capacity of 150 mA h g' (Fig. 6¢). The prototype was then connected to a pair of 3 W
blue LEDs to show a practical demonstration that requires a much higher voltage and current

than a single small test cell can provide (Fig. 6d).
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Fig. 6 Performance of a scaled, bipolar pouch. (a) Schematic (not to scale) of a four-cell
bipolar stack with shared CBPE CCs, 2.5 cm x 2.5 cm (265-um-thick) activated carbon
electrodes, and ZnBr,/TBABr electrolyte. The cell stack is compressed by four binder clips
between two thin titanium plates (see Fig. S5 for fabrication details). (b) Typical GCD profile at
0.5 A g (normalized to a single electrode). (c) Cycling stability at a rate of £ 0.5 A g ' (5 C)
charged to a capacity of 100 mA h g' for 2000 cycles and then at a rate of + 1 A g™ (10 C)
charged to a capacity of 150 mA h g ' for an additional 500 cycles. Energies are normalized to
the mass of all four activated-carbon electrodes (left axis) and to the full stack volume (right

axis), which includes the electrodes, separators, and CBPE CCs. We note that the cell rested for
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several days after cycle 500 and cycle 1000. (d) Photograph showing the prototype running a
series-connected pair of 3 W blue LEDs.

One issue faced by series stacks of traditional zinc-bromine flow batteries is shunt
currents and slow hydrogen evolution.?®° This problem arises because the whole stack shares a
common electrolyte volume and the individual cells are not electrochemically isolated.*® This
architecture allows strong electric fields to develop near electrolyte inlets and outlets,
encouraging hydrogen production. In the bipolar pouch cell stack reported here, however, there
is no flowing electrolyte and the individual cells are completely isolated. Additionally, as
discussed in the next section, there is excess zinc bromide in the electrolyte and a mechanism to
prevent overcharging of individual cells in the stack. These factors will limit parasitic hydrogen
evolution.”' The stable cycling performance and lack of swelling of the pouches confirm that any
hydrogen production is minimal.

Another issue encountered by traditional zinc-bromine flow batteries is the attack by
bromine and tribromide in the electrolyte on the carbon-polymer composite plates.* The CBPE
film is also susceptible to this corrosion mechanism. The SEM micrographs in Fig. S13 show
damage to the composite surface after 16 days soaking in pure Br,. In practical cell operation,
bromine complexing agents slow this attack by reducing free bromine concentration in the cell.*!
Although no significant performance degradation was observed over months of cycling, slow
attack by tribromide and/or bromine on the CBPE is possible and long-term testing on the order
of years is needed. To look for early signs of damage to the CBPE composite, a cell was
disassembled after 1500 cycles and the surface of the positive CBPE CC was imaged (Fig. S14).
The material looks very similar to its pristine state before cycling, indicating that any attack on

the material is relatively insignificant.

24



Page 25 of 31

Energy & Environmental Science

Self-balancing for series-connected pouch cells

The stable cycling of the stacked ZnBr, system is notable because it indicates that the
cells in the bipolar stack remain balanced, keeping the individual cell voltages and capacities
closely matched and within safe levels. In a typical series-connected pack of monopolar cells, the
terminals for each cell are exposed and thus individual cells can be separately charged to their
correct capacity or voltage in order to balance the pack. In a bipolar stack, however, there is no
access to terminals of individual cells, so a cell in the stack is vulnerable to being overcharged or
overdischarged, damaging the performance of the entire stack.’® This destructive behavior is not
observed in the stacked ZnBr,/TBABTr cells here because intrinsic self-balancing chemistry
occurs. When cells are overcharged and all pre-adsorbed TBA" is utilized in solid complexation,
excess zinc bromide remains in the electrolyte. Charging thus continues and any additional Br;~
generated can escape the positive electrode uncomplexed and diffuse across the cell where it is
reduced back to Br (Fig. 7). This redox “shuttle” effect incrementally lowers Coulombic
efficiency (CE) as charging capacity increases (Fig. S15). Overcharged cells will have a lower
CE (high leakage current) while undercharged cells will have a higher CE (low leakage current).
This redox-shuttle can be utilized as an effective mechanism to prevent overcharging of

26,53,54 . .
2% If one cell in a series

individual cells and to balance multiple cells connected in series.
stack becomes overcharged, the Br /Br;” redox shuttle will temporarily result in a large internal
leakage current until the other cells in the stack reach the same fully charged state (with equal
leakage current). This built-in self-balancing mechanism is demonstrated experimentally and

reported in the SI by cycling two cells connected in series, deliberately overcharging one cell

while the other rests, and then reconnecting the cells for continued cycling (Fig. S16).
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Monitoring the cells after they are reconnected shows that in less than 50 cycles the GCD
profiles re-converge, indicating that the pair has rebalanced. Therefore, this electrochemistry has
a built-in mechanism for self-balancing that does not require water splitting (gassing) that would
typically be used for a Pb-acid battery, or a battery management system (BMS) that would
typically be used for lithium-ion packs. Although this mechanism is specific to the zinc-bromine
chemistry, the CBPE bipolar pouch format with other aqueous electrochemical energy storage
technologies could utilize similar strategies to balance the individual cells by adding an

appropriate redox couple to the electrolyte.”

Overcharging

Fully Charged
L

Activated Carbon

[TBA"Br,],

ZnBr.

2(aq)

Current Collector;

Fig. 7 Built-in self-balancing mechanism to prevent overcharging of ZnBr; cells.
Overcharging the ZnBr, chemistry causes uncomplexed tribromide to diffuse across the cell,
which creates a temporary internal short circuit. This redox shuttle mechanism prevents
overcharging damage to individual cells and helps balance multiple cells when they are

connected in series.

CONCLUSIONS

The lack of viable cell designs and the need for low-cost, lightweight, and
electrochemically stable current collectors are major barriers to implementing high-power

aqueous energy-storage technologies. The heat-sealed bipolar pouch cell design with CBPE
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current collectors developed here offers a promising platform for constructing high-performance
aqueous batteries, supercapacitors, pseudocapacitors, and redox ECs, which helps address this
above problem. The electrochemical inertness over a wide range of electrolyte chemistries and
the simple assembly with low-cost equipment and consumables make the system attractive for
research applications. The pouch cells also use only commercially available materials and are
easily modified to accommodate larger electrodes and different geometries, which is important
for commercial development. The cell performance could further increase as thinner, stronger,
and more conductive carbon/polymer composite films are developed. Additionally, the non-flow
ZnBr,/TBABE- cells deliver battery-level energy density, supercapacitor-level power density, and
long-term cycling stability to provide a high-performance example of the effectiveness of the

CBPE pouch cells with a challenging electrolyte.
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