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The multifunctional use of an aqueous battery for a

high capacity jellyfish robot

Xu Liu't, Shuo Jin%t, Yiqi Shao?, Sofia Kupermans, Autumn Pratt’, Duhan Zhang1, Jacqueline Lo",
Yong Lak Joo?, Amir D. Gat?, Lynden A. Archer?*, Robert F. Shepherd‘*

The batteries that power untethered underwater vehicles (UUVs) serve a single purpose: to provide energy to
electronics and motors; the more energy required, the bigger the robot must be to accommodate space for more
energy storage. By choosing batteries composed primarily of liquid media [e.g., redox flow batteries (RFBs)], the
increased weight can be better distributed for improved capacity with reduced inertial moment. Here, we formed
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an RFB into the shape of a jellyfish, using two redox chemistries and architectures: (i) a secondary ZnBr; battery
and (ii) a hybrid primary/secondary Znl, battery. A UUV was able to be powered solely by RFBs with increased
volumetric (Q ~ 11 ampere-hours per liter) and areal (108 milliampere-hours per square centimeter) energy den-
sity, resulting in a long operational lifetime (T ~ 1.5 hours) for UUVs composed of primarily electrochemically

energy-dense liquid (~90% of the robot’s weight).

INTRODUCTION

The need for more power and energy to prolong the operation time
in untethered robots has always been an important goal (1-4). En-
larging the robot’s size to accommodate higher capacity and more
powerful energy storage systems typically comes at a cost of reduced
architectural design freedom and increased inertia, reducing effi-
ciency, agility, and increasing cost of transport (5-8).

Energy systems for present day robots are usually single purpose
(9-13); to increase the operation time, the engineer must choose a
higher energy density battery or add more battery volume to the ro-
bot (2). The high energy density of lithium-ion batteries makes them
the usual choice for robots (14, 15). By embodying the electrochemi-
cal energy stored in batteries into an integral part of the robot’s struc-
ture and machinery, the battery can become a larger portion of the
mass and volume of the robot’s desired form, reducing inertial and
drag effects while also increasing capacity (16-20). This scheme of
embodied energy is common in nature, where most components
serve multiple functions (20, 21). For example, a jellyfish also uses
energy multifunctionally. It is largely composed of “mesoglea” that
makes its body elastic, helps restore body shape after deformation,
and serves as an internal skeleton to support the body. This mesoglea
is composed of fibrillin-containing microfibrils that the jellyfish uses
to power its muscle and allow it to move and feed (22).

Previously, we demonstrated the concept of multifunctional use
of liquid electrolyte from a redox flow battery (RFB) as both a hy-
draulic fluid and electrical energy storage in a swimming untethered
underwater vehicle (UUV), shaped like a lionfish (17). In this UUV,
the ion-selective membrane of the RFB separated the charged spe-
cies stored in the catholyte (oxidized medium) and anolyte (reduced
medium). The different redox potential in the electrolytes drives ion
exchange through the membrane and electron movement from ano-
lyte to catholyte through the electrodes, which powers the pumps
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that caused the fish to swim using hydraulic actuators. In this sys-
tem, the capacity of the RFB’s scale with available charge stored in
the electrolyte reservoir, while the electrochemical reaction rate at
the electrode stack determines the current output (23). Little atten-
tion, however, was paid to maximizing the capacity of the robot, or
reducing its inertia by minimizing its weight or tuning its shape.

There is, therefore, an opportunity to simultaneously increase the
robot’s capacity with multifunctional use of RFB’s, while also enhanc-
ing agility with precise design of the battery’s shape. For example, if a
cuboid battery design defined the shape of a robot, then its moment
of inertia (I) would be unnecessarily large, limiting its ability to
change direction swiftly (Fig. 1A). For increasingly large robots, this
boxy shape would increase the inertial moment proportionately; in
contrast, a hemispherical robot would suffer a much smaller increase
in I. While a hemispherical casing could be added to envelope the
cube, it would increase the total skin friction of the robot due to the
increased surface area. In our liquid battery paradigm, it is easy to
build a hemispherical robot geometry that is filled completely with
electrolyte and, therefore, scales electrical capacity with size while
easily shaping the robot for improved agility.

Here, we chose the jellyfish’s shape as inspiration for increased
energy storage in a simple and efficient swimming robot. The bell
allows for a large proportion of liquid electrolyte storage relative to
solid elements such as current collectors, and its hemispherical
shape results in a relatively low moment of inertia compared to oth-
er potential geometries (Fig. 1, A and B).

We ultimately used four liters of electrolyte to fill the elastomeric
bell of our Jellyfish, yielding an estimated 44-Wh capacity. To trans-
duce this energy capacity to enough power for motor-driven swim-
ming, we created electrolyte flow conditions and a current collector
structure to yield power densities as high as P ~ 150 mW c¢m ™. The
motor, powered by the RFB, causes a network of tendons pulling on
two bar linkages to drive the Jellyfish’s bell up and down, to swim
speeds of up to 2 cm s™*. The motion of the bell causes the electro-
lyte to replenish ions in contact with the current collector, removing
the need for dedicated pumps as is typical in RFB energy storage
(Fig. 1C).

For the RFB electrolyte fluids, we chose aqueous zinc-ion-based
electrolytes due to their chemical simplicity, high theoretical energy
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Fig. 1. A jellyfish robot powered by the RFBs. (A) The moment of inertia and energy storage of different geometries. (B) lllustration of a jellyfish robot. (C) Schematic of
the aqueous energy systems in the jellyfish robot. (D) The assembled jellyfish robot powered by ZnBr; flow battery.

density (Q ~ 1014 A-hour liter ™!, 19 M for ZnBr,; and Q ~ 375 A-hour
liter !, 7 M for ZnL,), high expected power density (P > 100 mW
cm™?), and relatively lower cost. The large volume of electrolyte used
requires 3 hours to recharge; however, we have introduced a rapid
recharging method to robotics that reduces the charging time to
9 min. To facilitate rapid charging, we designed our Jellyfish UUV
with a valve that allows emptying of spent electrolyte with charged
fluid (Fig. 1D and fig. S1).

RESULTS

Actuation system design

We used an RFB stack as the Jellyfish’s power system, a motor (85 rpm,
6V, 0.6 A, no-load, Pololu 4797) as the actuation system, and a
Teensy 3.2 microcontroller (DEV 13736, SparkFun Electronics, 5 V,
30 mA) as the control system (fig. S2). The RFB converts chemical
energy into electricity to power the motor and spin the crankshaft
that moves the central rod up and down. This rod causes six lever
arms connected, equidistantly around the inner circumference of
the bell, to pivot up and down and mimic jellyfish propulsion.

Control system design

Figure 2A shows the control system of the robot. Like the actuation
system, the RFB stack also powers the Teensy 3.2 microcontroller
(DEV 13736, SparkFun Electronics, 5 V, 30 mA) and motor driver car-
rier (DRV 8838, Pololu, 0.7 W). The microcontroller and motor driver
control the motor’s rotation speed, thereby regulating the robot’s swim-
ming velocity. The swimming speed is not only controlled by the volt-
age set by Teensy but also limited by the total power density able to be
provided from the flow battery. During our robot test, we set the motor
duty cycle to 100% to get the highest swimming speed. We three-
dimensionally (3D) printed the cylinder chamber with a diameter of
6 cm and height of 7 cm with a high modulus polyurethane (Carbon
Inc.; RPU 70). Bonded together with the hollow silicone urethane
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(Carbon 3D Inc.; SIL 30) piece and central rod, the RPU cylinder
chamber created an air space for control modules (fig. S2). The air in
the control module chamber increases the robot’s buoyancy, which helps
to counter the slight density difference of the electrolyte (p~ 1.2 gml™")
from the surrounding water (p~1g ml ™). To maintain the Jellyfish in
an upright orientation during operation, we also designed an enclosure
at the bottom of the robot to add additional weights. The positioning of
the central mass also allowed for controlling the robot’s orientation as
dictated by specific operational requirements.

Power system design

We closely tailored the RFB power system design to fit the robot
(Fig. 2B). We used 3D printed polymer (Carbon Inc.; LOCTITE 3D
INDA405 Clear) as battery sealings to reduce the robot’s total dry
weight to 574 g, compared to 2207 g for the usual stainless-steel ver-
sions (Fig. 2C). We designed the overall RFB stack as a cylinder with
a diameter of 12 cm. Each RFB is 0.55 cm thick, including two pieces
of titanium mesh as current collectors, carbon felt electrodes, a
Nafion membrane, and the 3D printed sealings. The U-shaped
channels joined all anolyte (catholyte in Znl, battery) chambers to
allow the electrolyte to flow through all ZnBr, batteries.

When integrating the RFB into the robot system, power density
governs the maximum operational speed, and areal capacity deter-
mines the overall operational duration. To achieve both high power
density and capacity for the RFB, multiple fundamental challenges are
known to limit the system’s potential. The most important are the for-
mation of mossy/dendritic Zn deposits that can short-circuit the cell
(24-26) and the crossover issue of Br; or I, after charging (27, 28). To
tackle these challenges for our ZnBr, battery, we take advantage of
graphenes ability as an interfacial material capable of templating Zn
electrocrystalization of Zn with preferred growth axis in the plane of
the current collector (29, 30) and electrosprayed activated carbon to
facilitate adsorption and improve electrochemical reaction kinetics at
the Br, cathode (31). The graphene has crystallographic facets with
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Fig. 2. The system fabrication of the Jellyfish. (A
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) Block diagram showing the control system design of the Jellyfish. (B) Power system design of the Jellyfish. (C) 3D print-

ing of flow battery shell. (D) XRD test of Zn deposition on carbon felt. a.u., arbitrary units. (E) Scanning electron microscopy images of Zn deposition on carbon felt.

low lattice mismatch with the Zn. It shows a similar atomic arrange-
ment to the (0002)z, plane for epitaxial electrodeposition of Zn to
form a coherent or semicoherent interface. It effectively drives the de-
position of Zn with a locked crystallographic orientation relation. X-
ray diffraction (XRD) analysis confirmed the ordered growth of zinc
metal deposition on the graphene coatings (Fig. 2D). In comparison
to the carbon felt without graphene (with an Iyp,/I;0; ratio of 0.9), the
extended Zn growth on the graphene-coated electrode reveals more
exposure of the (002) crystal planes (with an Ip,/I10; ratio of 1.3).

Furthermore, as Fig. 2E shows, Zn metal deposition occurs ex-
clusively on the surface of the pristine carbon felt electrode without
graphene treatment. This phenomenon is also confirmed by the
nonuniform distribution observed in the cross-sectional scanning
electron microscopy images. In contrast, the aligned graphene lay-
ers facilitated a consistent and even growth of Zn, resulting in the
infiltration of Zn into the carbon felt. Moreover, the active carbon
layers on the cathode side increase the effective surface area avail-
able for Br, adsorption and electrochemical reaction, limiting cross-
over (fig. S3).

ZnBr; flow battery

Here, we chose the aqueous ZnBr, RFB to power the Jellyfish system
due to its high power density compared to other aqueous Zn-based
RFBs (31). Figure 3A shows the schematic of a single ZnBr, RFB
cell, while Fig. 3B provides an overview of ZnBr, RFB’s integration
with the Jellyfish UUV. During charge and discharge cycles, the an-
ode reaction at both the anode and the cathode is simple: Zn**
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2e” <> Zn (anode) and 2Br~ — 2e” <> Br; (cathode), with an overall
potential difference of 1.8 V. When designing the robot, to ensure
operation safety and avoid the Br, release during operation, we
sealed the catholyte and cathode carbon felt as the sessile electrode
in the RFB with no flow. Consequently, our ZnBr, RFB demon-
strates a stable charging and discharging plateau at a current density
as high as 40 mA cm ™%, maintaining an average discharge voltage of
~1.6 V (Fig. 3C). Furthermore, the modified interface enhances the
system’s cycling stability. As illustrated in Fig. 3D, the ZnBr, RFB
consistently operates at 40 mA cm™* and 3.5 A-hour liter™ for over
40 cycles while maintaining a stable discharge plateau. Notably, the
ZnBr, REB exhibits a high power density of 146 mW cm™ at 100 mA
cm™?, as evidenced in Fig. 3E.

To interrogate the efficiency of a ZnBr, RFB battery stack, we
stacked two ZnBr, RFBs using the 3D printed battery modules (Fig.
3B) and monitored the discharge curves. As demonstrated in Fig.
3F, a stable discharge plateau in the 3.2- to 3.4-V range is seen, vali-
dating the effectiveness of the two-cell stack. In operation, the bat-
tery powered a single motor that turned a crankshaft that pulls a
central rod downward, compressing a central chamber that reduces
its volume and expels the electrolyte from the central chamber. On
its path from the central chamber to the bell, the electrolyte enters
the battery stack, filled the chambers, saturates the carbon felt, flows
over the ion-selective membranes, and lastly exits the battery
through the opposite end of the stack (fig. S4A). Following half a
rotation cycle of the motor, the central rod ascends, decompressing
the central chamber and facilitating a reverse flow of the electrolyte
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Fig. 3. ZnBr, flow battery system for high power density support of the Jellyfish. (A) Scheme illustrating the structure of ZnBr, RFB. (B) The battery stack design inside

the Jellyfish. (C) Charge and discharge polarization curves of the single-flow battery cell with 3 M KCI + 2 M ZnBr; at a current density of 40 mA cm
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. (D) The cycling

performance of the single-flow battery cell at a current density of 40 mA cm™2. (E) The voltage and power density of ZnBr, flow battery cells at different current densities.

(F) Galvanostatic voltage profiles of the two stacked flow battery cells with 3 M KCl and 2 M ZnBr; at a current density of 40 mA cm™.

(fig. S4B). We achieved volume change of the central chamber by
making a compressible piece using a soft 3D printed material, SIL
30, coupled with another hollow SIL 30 piece used to separate the
control chamber and bell chamber.

Although the ZnBr, RFB system has a high power density that
can adequately power the Jellyfish, the toxicity and corrosiveness of
Br, is potentially problematic (26, 32) (see Materials and Methods
for more details). Moreover, the limited space for cathode reaction
restricted the capacity of the RFB and the robot’s operation time. To
address these issues, we developed a ZnI, RFB that operates initially
as a primary battery and then as a rechargeable one. Our results
show that these cells can also efficiently use the energy stored in the
bell’s electrolyte volume and also allow rapid electrolyte exchange
for physical recharging (33).

Primary rechargeable Znl, flow battery

Figure 4A illustrates the battery configuration used for the aqueous
Znl, RFB with graphene and active carbon-modified electrodes,
similar to the ZnBr, RFBs. Figure 4B depicts the analogous Znl,
RFB battery stack. Unlike ZnBr, RFBs, I, is safer than Br, making it
possible to switch the flow channel of anolyte and catholyte and
fully use the much larger volume of the bell. In this setup, I, is on the
flowing catholyte side, while Zn resides on the sessile side. To estab-
lish the primary Znl, RFB, we first electrodeposited 120 mA-hour
cm ™2 Zn on the graphene-coated anode and used 4 M Znl, + 1 M
KI + 0.3 M I, as catholyte. Therefore, for the first cycle, the electro-
chemical reactions are as follows: on the anode side, Zn — 2¢e”—
Zn**; and on the cathode side, I;~ + 2e~ —> 31". In the first cycle, the
cell functions as a primary battery, discharging all the stored energy
in the catholyte. As shown in Fig. 4C, the primary ZnI, RFBs dem-
onstrated stable operation at a current density of 20 mA cm™ for up
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to 5 hours, exhibiting an energy density of about 11 A-hour liter™
and areal power density of ~110 mA-hour cm™ and a discharge
depth of around 69%. This discharge depth is limited by the iodine
side of the battery, because as the concentration of I3~ ions saturates,
deposition occurs on the carbon felt, forming solid iodine. Solid io-
dine is an electrical insulator, leading to a rapid increase in overpo-
tential and a subsequent decrease in discharge voltage. As the
capacity of the electrodeposited Zn can reach up to 300 mA-hour
cm™% however, there is remaining Zn left after the first round of
discharge; therefore, we are able to open the valve on the bell and
replace the depleted catholyte to continue operating the UUV (fig.
S5). This approach for recharging robots brings advantages of its
own: It introduces new modes of logistical operation compared to
conventional lithium batteries.

The Znl, RFB is also of interest as a rechargeable battery, albeit
with a lower discharge capacity. The cycling capacity in the recharge-
able operating mode was estimated as ~3 A-hour liter™". As illus-
trated in Fig. 4D, the cells also exhibited stable performance over
more than 200 cycles. With a 1.2-V theoretical voltage of ZnlI, RFB,
the primary-rechargeable Znl, RFB had a highest power density of
~100 mW cm ™2 (Fig. 4E), slightly lower than that of the ZnBr, RFB
system. Upon charging the ZnI, RFB after the primary battery cycle,
the battery can operate for ~30 min in each of the subsequent cycles
(Fig. 4F).

Swimming paces for the Jellyfish

The bell of the Jellyfish can store 4 liters of electrolyte solution; to
make the Jellyfish swim and flow the electrolyte, we used a motor to
pull on the bell. The bell chamber, molded from silicone (Smooth-
On Inc.; Dragon Skin 30), has a hemispherical shape (diameter of
30 cm) that allows for more drag on the bottom than the top during
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cells at different current densities. (F) Galvanostatic voltage profiles of the flow battery at a current density of 20 mA cm™ using 4 M Znl, + 1 MKl + 0.3 M .

a full stroke cycle, allowing it to swim upward. To power the motor,
we assembled six ZnBr, RFBs into a stack capable of 9.6-V, 1.6-A
output. We used ZnBr;, solution as the catholyte at its saturation
concentration of 15 M to maximize the battery’s capacity. When
measuring the swimming speed of the Jellyfish, we tracked the posi-
tion of the bell’s top, where it underwent incremental upward move-
ments and shape alterations during the swimming process. Through
this mechanism, the Jellyfish achieved an ascent speed of 2 cm s/,
which cost 26.7 | to climb from the bottom of the tank to the top
(Fig. 5, A and B; movies S1 and 2; and text S3). We can also see from
Fig. 5A that its swimming motion matched our theoretical model,
primarily determined by asymmetry in fluidic forces during differ-
ent parts of the actuation cycle, as well as cyclic oscillations of its
center of mass (see the Supplementary Materials for more details).

Because Znl, RFB systems have a lower power density than
ZnBr,, we connected 10 batteries (five in series and then in parallel)
to improve the robot’s swimming performance. On the basis of the
energy density of about 11 A-hour liter™" from Fig. 4C, the 4 liters of
electrolyte solution gave us the total energy storage of around 44 Wh.
Notably, the Jellyfish UUV solely powered by primary Znl, RFBs
swam for an extended duration of 1.5 hours of actual swimming
time shown in movie S3. Its long swimming time is due to its 90%
battery mass ratio (Fig. 6A).

In theory, this UUV has a theoretical operation time of 9 hours
(see text S3 for calculations). Figure 6B depicts the progressive de-
cline in battery limiting power from 5.1 to 3 W as molar concentra-
tion decreases, potentially accounting for the deviation from
theoretical maximum operational efficiency (see text S2 and Simula-
tion Data for simulation details). This may result from different fac-
tors, like the high concentration gradient due to the limited flow
speed and reduced I3~ amount due to solid Iodine deposition (31).
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Over time, the electrolyte in the battery gradually depletes, reducing
the maximal power it can supply, until it becomes insufficient to sus-
tain the motor’s functionality. Tailoring the design of the battery to
simultaneously minimize the ohmic resistance, maximize the trans-
port of electrolytes, and boost the surface area and activity of elec-
trodes might lead to an additional increase in the operation time.
In the examined configuration, the principal source of energy con-
sumption is the work required to transfer large volumes of fluids
within the flow battery’s permeable layer (required to generate me-
chanical movement). On the basis of our findings, the work needed to
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overcome viscous resistance consumes ~95 to 98% of the total power
produced by the motors. A future design may improve on this by al-
lowing flow to occur also outside of the channels or, alternatively, by
reducing the viscous resistance of the permeable layers. Further de-
tails on the energy efficiency of the robot can be seen in text S5.

DISCUSSION

We report that incorporation of a hydraulic power system into a robot
with high volumetric (Q ~ 11 A-hour liter ) and areal (108 mA-hour
cm™?) energy density results in robots with long operational lifetime
(T ~ 1.5 hours) and composed of primarily electrochemically energy
dense liquid (~90% of the robot’s weight). Our robot is the first that
uses an RFB as its sole power source; it is also the first to use a re-
chargeable primary RFB. The motion of the electrolyte solution in
the bell of the Jellyfish causes rapid ascent of the robot and, com-
bined with its low inertia hemispherical construction, demonstrates
a path to improving both the endurance and agility of robots using
the embodied energy design paradigm (20).

The RFB chemistries studied also demonstrated high capacity
and rechargeability by combining primary battery and secondary
flow battery configurations (34). The ability to empty and refill the
electrolyte in the Znl, presents a simple, previously unidentified
way to rapidly recharge robots and has implications in search and
rescue missions, offering potentially previously unidentified modes
of cooperation between machines, where wheeled or propellor-
driven large robots could provide mobile bases that recharge and
rapidly resupply more agile and small satellite robots.
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The operational lifetime of this robot, however, falls far short of
its theoretical limit. We used only 15% of the capacity of the ZnlI,
primary battery due to the decreased power density resulting from
the concentration decrease during discharging (see text S3 for more
details). The battery performance can be further improved by mod-
ifying electrode properties (e.g., porosity, surface area, and resis-
tance) and optimizing the battery design (e.g., electrolyte transport
and conductivity) to speed up the discharging process (see text S6
for more details).

As the robot that we present is of low inertia and of similar den-
sity to the ocean itself (payg ~0.91 g cm™~> without weight balance), it
has immediate potential for use as a so-called Lagrangian drifter
(35). These machines survey ocean currents and collect environ-
mental data of ocean dynamics but, so far, have been too large and
too dense to truly follow currents, particularly small ones. By pas-
sively following these currents, using the energy for sensing and in-
frequent ascent to communicate, these robots may provide large
amounts of data for use in ocean health monitoring. Last, the cost of
this robot is ~$4,300 (see text S4 for detailed cost analysis), far less
than existing drifters. Therefore, many of these robots could be de-
ployed for high density sensory networks along multiple currents.

MATERIALS AND METHODS

Robot system fabrication

In designing the Jellyfish robot system, we used Fusion 360 (Autodesk
Inc.) for modeling and 3D printing. The control chamber and RFB
sealings were produced on a Carbon M1 printer. The Jellyfish bell
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was crafted from Dragon Skin 30 using a hemispherical mold with a
30-cm diameter. The bottom piece of the bell took the form of a ring
with an inner diameter of 6 cm and an outer diameter of 30 cm,
joined to the top piece using SIL-Poxy (fig. S6). We added fluores-
cent powder during the mixing of Dragon Skin A and B. Once
cured, 5 min of exposure to UV light enabled the robot to emit a
glow in the dark, as illustrated in fig. S7.

All bonding processes that did not require softness, such as
bonding between the hollow SIL 30 piece and middle rod, com-
pressible SIL 30 piece, and the RFB shell, used Loctite 405 with
primer pretreatment. For sealing the RFBs, we used screws and du-
rable O-rings to ensure electrolyte separation and avoid leaking.

RFB electrode modification

Znl, KI, KCl, graphene, and active carbon were purchased from
Sigma-Aldrich, and ZnBr, was purchased from Alfa Aesar. Carbon
black Super-P was purchased from TIMCAL. Carbon felt was pur-
chased from Fuel Cell Earth. The titanium mesh was from Metal
Material. The Nafion 115 was purchased from DuPont.

Preparation of the electrospray ink

All electrodes used in battery and robot testing were treated by air-
controlled electrospray. The anode conductive ink was graphene-
dissolved in deionized (DI) water obtained from the Milli-Q water
purification system. The resistivity of the DI water is 18.2 megohm
cm™ at room temperature. The cathode ink consisted of four pri-
mary components: AC, carbon black Super-P, 20 wt % of Nafion
dispersion (Ion Power), and DI water. The Nafion dispersion acted
as a binder and a suitable surfactant to mix the carbon in water. It
was found that the best anode ink composition was 4 wt % of gra-
phene and 96 wt % of DI water, while the optimized composition for
cathode was 1.5 wt % of AC, 0.5 wt % of super-P, 10 wt % of Nafion
dispersion, and 88 wt % of DI water. The ink was then ultrasonicated
for 60 min before use to remain well dispersed.

RFB electrode modification

The ink solution was then switched to 5-ml syringes with a needle
(tube gauge, 10; shell gauge, 17). Gauge of air [10 pounds inch™
(4.53592 kg cm?)] was applied through the shell of the needle while
the pump (Harvard Apparatus) pushed the syringes to spray the so-
lution out under the voltage of 20 kV. The distance between the
needle and the carbon felt was 10.5 cm. For cathode treatment, the
amount of solution on the electrode was 45 pl for each spray spot
and 405 pl for a single cell. The flow rate was set to 0.015 ml min™".
The total amount of solution for the anode was strictly limited to,
60 pl for each spot, 360 pl for a single cell, and the flow rate was

0.02 ml min~.

RFB assembly

During our battery test, the Br, corroded the stainless steel mesh,
our initial choice for the current collector material. Meanwhile, the
high volatility of Br, limited our test in the flame hood and made it
harder to handle in a large volume. On the basis of the result above,
we decided to use Ti mesh as the current collector, which is more
stable. We sealed the Br; in the catholyte chamber to avoid the pos-
sible release of Br, and make our fabrication process more handful
and repeatable. The single cell used to test battery’s performance
comprises titanium mesh current collectors (mesh size of 0.3 mm by
0.6 mm), carbon felts, a piece of Nafion 115, and RPU 70 end plates

Liu etal., Sci. Adv. 10, eadq7430 (2024) 27 November 2024

(fig. S8). To enhance the utilization of the porous carbon felt elec-
trode, the flow chamber, measuring 2.5 mm in thickness, is designed
with a separated symmetrical polytetrafluoroethylene plastic flow
frame, allowing the flowing electrolytes to flow through and effec-
tively rinse the electrode in the same way as in the Jellyfish. To miti-
gate issues related to resistance and surface contact, the compressing
ratio (defined as the ratio of electrode thickness prior to and post
compression) is rigorously maintained at ~2 to 2.4, achieved through
the strategic addition of varying quantities of gaskets.

For ZnBr, flow battery systems, the anolyte is 3 M KCl and 2 M
ZnBr;, and the catholyte is 15 M ZnBr; and 3 M KCI. To make sure
that the volume of the tested battery is the same as that of a single
battery in the robot system, we keep the analyte in the volume of
0.66 liters. To provide a flow for the anolyte similar to the robot sys-
tem, we used a pump with the flow speed of 5 ml min~". On the
cathode side, we used a springe to fill 10 ml of electrolyte into the
chamber through a hole cover by flexshot 30 and saturated the car-
bon felt. Titanium mesh (mesh size of 0.3 mm by 0.6 mm) was the
current collector on both sides. The effective area of the carbon felt
was 40.6 cm? (outer diameter of 8 cm and inner diameter of 3.5 cm),
while, in the primary-rechargeable Znl, flow battery systems, the
electrolytes are both 4 M Znl, and 1 M KI, except that the catholyte
has extra 0.3 M I, for the discharging of the first cycle. The volume
of anolyte in the tested battery is 0.4 liters. In the primary battery
cycle, we used an electrolytic cell to deposit zinc on the graphene-
coated carbon felt with a low current of 20 mA cm™ for the Zn an-
ode side for 6 hours. In the robot test, the electrolyte concentration
was the same with a total volume of 4 liters, and the motor provided
the motivation for the electrolyte to flow. To refill the electrolyte af-
ter the first cycle of primary Znl, flow battery, we need 4 liter/435 ml
min~" = 9.2 min.

The commercially available cation exchange membrane (Nafion
115, DuPont, USA) was used as the separator for the RFBs. Before
assembling, the Nafion 115 membranes were treated with 5% H,SO4
under 100°C for 2 hours and then washed with DI water at 100°C
for 1 hour.

Supplementary Materials
The PDF file includes:
Supplementary Text S1 to S6

Figs.S1to S9

Table S1

Legend for data S1

Legends for movies S1 to S3
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