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Many processes such as catalysis, energy transport, and carbon capture rely on the transport 

or storage of gases in liquid phases, but the low solubility of gases in liquids limit the rate and 

efficiency of these processes. Human circulatory systems store large concentrations of oxygen and 

provide it continuously and simultaneously to trillions of cells without the need for each cell to 

access the surrounding environment. Inspired by biological circulatory systems, we envision future 

robotic systems with multifunctional, fully integrated, air-rechargeable energy delivery and 

storage. This paper presents a high-pH aqueous air catholyte emulsion (ACE) with high oxygen 

solubility so that metal-air batteries can derive energy entirely from dissolved oxygen. With only 

20% silicone oil by volume, ACEs can store twice as much dissolved oxygen (15 mg/L) as pure 

KOH samples, remain stable for several months, and show superior oxygen reduction reaction 

kinetics compared to KOH. Zinc-air flow cells with fully submerged electrodes can achieve 4.6 

mW/cm2 at 5.6 mA/cm2. A multifunctional actuator flow cell configuration employs an ACE as 

both a hydraulic actuator and energy storage fluid, demonstrating the feasibility of ACEs as 

multifunctional, flexible power sources for soft robotic systems. 
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1. Introduction

Catalysis, cellular respiration, energy transport, carbon capture, and industrial chemical 

production are all processes that rely on the transport or storage of gases in liquid phases.  The low 

solubility of gasses, however, limit the rate and efficiency of these processes1–5. Porous liquids 

that increase the oxygen solubility in water by storing the gas in metal-organic materials are 

overcoming the limitations of traditional chemical processes and have been shown to enhance 

oxygen reduction reaction (ORR) catalysis and electrolysis in neutral or acidic environments1,2. 

The metal-organic frameworks that enable the high solubility in porous liquids, however, are not 

compatible with alkaline electrolytes, such as those used in metal-air batteries and fuel cells. 

Although a nascent technology, there is strong motivation to develop new forms of porous liquids 

that expand their current stability limitations and provide access to a wider variety of electrolytes. 

Metal-air batteries have high theoretical energy densities because their cathode active 

material is oxygen which can be stored off-board and readily replenished from the environment6. 

Managing oxygen mass transport at the triple-phase boundary between gaseous oxygen, liquid 

electrolyte, and solid catalyst particles remains a critical challenge7–11. Air electrodes, and, on a 

larger scale, air battery stacks, require airflow channels such that sufficient oxygen can access 

reaction sites at the triple-phase boundary12,13. These semi-open systems are then prone to 

electrolyte leakage, evaporation, and contamination13–17. Some air batteries have demonstrated the 

ability to extract energy solely from dissolved oxygen; however, the low oxygen solubility and 

diffusivity in aqueous electrolytes can be performance limiting18,19. We hypothesize that a high-

pH aqueous fluid with high oxygen solubility can enable sufficiently fast ORR kinetics so that 

metal-air batteries, and other fuel cells systems, can forgo the complex air-water-catalyst interface 

and the challenges that come with it.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4682257

Pr
ep

rin
t n

ot 
pe

er
 re

vie
wed



4

In addition, liquids with high gas solubility can provide new ways to deliver chemicals and 

power to distributed systems. The vascular systems in animals provide an excellent example 

(Figure 1A). The vascular system’s ability to transport oxygen to each cell takes advantage of the 

high energy density of oxygen reduction processes without the need for each cell to access the 

surrounding environment. This critical feature enables the morphogenic shape of multicellular 

organisms and animals. Volumetrically, human blood can dissolve 30 times as much oxygen as 

pure water at 21°C. This high concentration, enabled by hemoglobin’s ability to chemically bind 

oxygen, is critical to achieve the necessary energy flux to sustain life. 

In addition to transporting oxygen, energy systems in biology are multifunctional20. Fat 

tissue is the main source of energy storage for the body, but fat also provides insulation, protects 

organs, serves as a nutrient reserve, and helps to regulate hormones. Animal circulatory systems 

use blood to transport oxygen and nutrients while simultaneously regulating temperature, 

removing waste, and helping to fight infection. Inspired by biology, recent work has shown how 

multifunctional fluids can increase the total energy density of a robotic fish by both storing 

electrochemical energy and transmitting mechanical work to hydraulic actuators21. Despite the 

moderate energy density of the zinc-iodide electrolytes, this multifunctional approach increased 

the robot energy density by 4X compared to the same robot powered by just a lithium-ion battery21. 

Combining multifunctional fluidic energy storage with the high energy density of air-

replenishable oxygen reduction chemistry will unlock the potential for higher energy density soft 

robotic systems (Figure 1B). Creating an electrolyte with high oxygen solubility is a fundamental 

first step toward achieving an air-rechargeable, multifunctional flow battery. Silicone oils are 

known to have high oxygen solubility (~60X higher than water) and diffusivity (~30X higher than 
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water), and have been used to improve oxygen transport in air electrodes, increase oxygen transfer 

rates in aerobic bioreactors, as well as part of synthetic blood to help support the respiration needs 

of small mammals22–30. Silicone oils have also exhibited the ability to form stable emulsions when 

dispersed in an aqueous phase31–35. Thus, silicone oils are promising suspensions for porous liquids 

which store dissolved oxygen (Figure 1C).

This work demonstrates an air catholyte emulsion (ACE) capable of storing 15 mg/L of 

dissolved oxygen and delivering air to high-energy zinc air flow batteries with fully submerged 

electrodes. Our catholyte is an emulsion with silicone oil droplets suspended in 0.5M potassium 

hydroxide, stabilized by a surfactant (Span-60). A fully submerged cathode can extract energy 

directly from the oxygen in this fluid without the need to be exposed to surrounding air or maintain 

a triple-phase boundary in a gas diffusion electrode. An ACE can remain stable for several months, 

shows superior ORR kinetics compared to 0.5 M KOH, and can be re-oxygenated with 

atmospheric air. We can achieve 4.6 mW/cm2 peak instantaneous power density at 5.6 mA/cm2 

discharge current density in a stationary tubular flow cell (STFC) configuration. A multifunctional 

actuator flow cell (MAFC) demonstrates the ability for emulsion catholytes to enable 

multifunctional, flexible power sources for soft robotic systems. 
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Figure 1. (A) Representation of the complex vasculature in a human hand. Detailed view of oxygen transport through the 
bloodstream for cellular respiration. (B) Representative soft robotic hand with synthetic, electrolytic vascular system. Detailed view 
of an integrated flow channel with an oxygenated liquid electrolyte used to power individual devices. (C) Comparison of volumetric 
oxygen solubility (per 100 mL) of blood, silicone oil, and water.

2. Materials and Methods

2.1 Emulsion Synthesis

Figure 2A depicts the silicone oil in water emulsion synthesis. We combined silicone oil 

(Thermo Fisher Scientific, 9990203) with 0.5M potassium hydroxide (KOH) in a ratio of 1:4 (v/v) 

followed by Span-60 (sorbitane monostearate, 1.0% w/v) surfactant to stabilize the interface. A 

sonic dismembrator (Fisherbrand Model 505) homogenized each 30 mL sample at an amplitude 

of 50 for 3 min (10 second pulses, 5s rest) to ensure uniform droplet dispersion and long-term 

stability. On average, samples received ~98 J/mL. Emulsion synthesis recipes with KOH salt 

concentrations higher than 0.5M demonstrated phase separation within a few hours of 

homogenization, so 0.5M KOH is used throughout this work.   
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2.2  Emulsion Characterization

Dynamic light scattering (DLS) on a Delsa Nano C Particle Analyzer (Beckman Coulter) 

measured the silicone oil droplet size distribution in diluted emulsion samples with 1 wt. % silicone 

oil. A scanning electron microscope (SEM; JEOL 7500F HRSEM) captured emulsion micrographs 

using an evaporation technique. We drop cast two microliters of a sample onto a carbon coated 

copper grid. After 2 minutes of evaporation, a wicking cloth eliminated excess liquid before 

imaging. 

We created a dilution method inspired by previous work to measure the concentration of 

dissolved oxygen (DO) in the emulsions36. Figure 3A shows the apparatus, which allows the total 

oxygen stored in the silicone oil and water to be precisely measured by controlled release into a 

larger oxygen-free reservoir. First, we purged nitrogen (N2) through a sealed measurement vial 

with 31.2 mL of distilled, deionized water while stirring at 800 RPM (stir bar 1 mm x 0.5 mm). 

An Orion Star A213 dissolved oxygen meter with an optical probe (ThermoFisher Scientific, Orion 

RDO Probe) measured the oxygen concentration in the measurement vial. The dissolved oxygen 

concentration of the water in the measurement vial typically reached a concentration of 0 mg/L 

after 20 minutes of purging with nitrogen. After purging the measurement vial for 35 minutes, we 

stopped the nitrogen flow, opened the valve, and dispensed 10.8 mL of the desired sample into the 

measurement vial at a flow rate of 31.8 mL/min while stirring continuously (800 RPM).  The DO 

probe measured the oxygen concentration in the measurement vial over time as the oxygen from 

the emulsion sample diffused into the water (see Figure 3A). We validated this measurement 

method against a pure water control sample with saturated oxygen. The average error in the control 

sample between direct measurement with the probe and indirect measurement via the dilution 

method was 4.35%, which is within the range of reported error of the probe (~0.1 mg/L). Section 

S1 contains more information on the DO measurement protocol and validation. 
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2.3 Electrochemical Measurements

A biologic VMP3 potentiostat performed all electrochemical measurements. We conducted 

stationary linear sweep voltammograms (sweep rates: 50 mV/s, 100 mV/s, 200 mV/s) with a fully 

submerged Pt working electrode suspended via an electrochemically inert PTFE clamp (JJ110 

electrode holder). The test setup used a carbon foil counter electrode and a mercury/mercury oxide 

(Hg/HgO) reference electrode (Koslow Scientific).  

To measure the open circuit voltage and dissolved oxygen concentration of the same 

sample, we placed an emulsion sample in a sealed test vial with inlet and exhaust tubing to allow 

for purging with air or nitrogen (see Figure 3D). The three-electrode setup included a fully 

submerged Pt working electrode suspended via an electrochemically inert PTFE clamp, carbon 

foil counter electrode, and Hg/HgO reference electrode. We stirred the solution at 800 RPM for 

the duration of the experiment. At various intervals through the open circuit measurement, we 

extracted 15 mL of solution from the test vial to measure the dissolved oxygen concentration of 

the sample at that time point (see Figure 3A and 3D).  The dissolved oxygen concentration was 

measured as described in 2.2. 

A rotation disk electrode (RDE; Pine Research) with a glassy carbon disk coated in a 

platinum carbon (Pt/C) ink served as the working electrode for RDE, kinetics, and catalysis 

measurements. To synthesize the Pt/C ink, we sonicated a mixture of 4 mg Pt on graphitized carbon 

(20 wt. %; Aldrich 739549), 0.8 mL water, and 0.2 mL ethanol for 15 minutes. We then added 10 

µL of perfluorinated nafion resin solution and sonicated for an additional 2 minutes.  We drop cast 

10 µL of Pt/C ink onto the glassy carbon disk and dried it overnight. For RDE experiments, we 

placed 250 mL of emulsion or 0.5M KOH in an alkaline resistant PTFE test cell (Pine Research) 

and then perfused the solution with pure oxygen for 1.5 hours prior to testing such that both 

solutions would be fully saturated. We conducted linear sweep voltammograms for rotation disk 
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electrode studies at a sweep rate of 5 mV/s while rotating the electrode at rotation rates from 250 

to 2500 RPM. 

2.4 Flow Cell Assembly and Testing

We tested the discharge performance of ACEs in zinc-air flow cells with two different 

configurations, a stationary tubular flow cell (STFC) and a multifunctional actuator flow cell 

(MAFC). STFCs, shown in Figure 5A, use tubing both to house electrodes to form the structure of 

the flow cell and to circulate the ACE electrolyte throughout the cell. MAFCs, shown in Figure 

5D, serve simultaneously as flow cells and actuators to demonstrate how ACEs can be used as 

multifunctional fluids for energy storage and hydraulic actuation.

The stationary tubular flow cell (STFCs) design was inspired by recent work on a 

submillimeter bundled microtubular (SBMT) flow battery cell37. STFCs were comprised of 1/8” 

ID plastic tubing (McMaster Carr, 9117T1), tee shaped barbed plastic tube fittings (McMaster 

Carr, 546K45), and high-temperature tapered plugs (McMaster Carr, 9277K18), as shown in 

Figure 5 and Figure S1. The cells had a 4 mg/cm2 Pt black carbon cloth cathode (Fuel Cell Store), 

and a Zinc foil anode (Alfa Aesar, #10437). The separator was a PTFE coated alkaline anion 

exchange membrane (Dioxide Materials; E30-50). We used copper and zinc wires as the cathode 

and anode current collectors, respectively. We connected the electrodes through tee connectors on 

opposite sides of the main tubing, as shown in Figure S1 and described in Section S1. The 

additional two openings on the anode and cathode tee connectors served as inlet and outlet tubing 

connectors for the flow cell. A 24V DC peristaltic pump (McMaster, 33341N21) pumped the 

emulsion catholyte through the flow cell at a flow rate of 50 mL/min. 
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We assembled the multifunctional actuator flow cells (MAFCs) in a similar manner to 

STFCs with a notable difference being that the main tubing section was replaced with expandable 

tubing (Bellalatex twister balloon) encased in a plastic mesh sleeve (Mcmaster Carr, 5969K22) to 

form a McKibben actuator. We secured each end of the balloon mesh tubing to separate plastic 

barbed tube fittings (Mcmaster Carr, 5117K26) with a hose clamp (McMaster Carr, 5388K14). 

We connected the outlet tubing of the MAFC to a solenoid valve (12 V, Beduan) to automate the 

actuator inflation and deflation. We controlled the solenoid valve with a simple circuit and 

Arduino, as shown in Figure S2 and described in Section S1. For the demonstration video (Movie 

S2), we wired two MAFCs in series and used two solenoid valves and two peristaltic pumps, as 

shown in Figure S2.

3. Results and Discussion

Animal circulatory systems transport oxygen through complex vasculatures to deliver 

energy to various cells throughout the body. Ultimately, oxygen molecules diffuse from the blood 

stream into individual cells which derive energy by electrochemically reducing this oxygen 

through cellular respiration, as depicted in Figure 1A. Inspired by the vascular system’s ability to 

continuously and simultaneously provide oxygen to the trillions of cells in the human body, we 

envision a soft robotic system with fully integrated, air-rechargeable energy delivery and storage. 

Figure 1B shows a representative illustration of this concept using a soft robotic hand with flow 

channels filled with a multifunctional fluid (shown in teal) that simultaneously transports energy 

and hydraulically actuates the fingers (see Figure 1B). This multifunctional fluid can transport 

dissolved oxygen throughout the soft hand and deliver oxygen locally at integrated internal 

electrodes to power various individual electronic devices, as depicted in the vascular cross-section 

in Figure 1B, or provide a continuous supply of gas for other chemical or mechanical functions. 
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Realizing an ionically conducting fluid capable of storing large amounts of dissolved 

oxygen is a fundamental first step toward creating this fully integrated energy transport system. 

Higher concentrations of dissolved oxygen in the electrolyte increase the reaction rate of oxygen 

reduction19, allow larger energy flux, and increase the number of components that can be powered 

before the oxygen needs to be recharged. Figure 1C schematically compares the solubility of 

oxygen in human blood (20.3 mL/100 mL at 37°C internal body temperature), silicone oil (4.11 

mL/100 mL, 21°C), and pure water (0.664 mL/100 mL, 21°C) (also see Table S1). Volumetrically, 

human blood contains 30 times as much oxygen as water. Water has a low oxygen solubility (8.8 

mg/L; 0.0066 mL O2/mL water) which decreases as the concentration of dissolved ions increases. 

Air-saturated silicone oil can store 6.2 times as much dissolved oxygen as pure water, but silicone 

oil is not ionically conductive. 

We combined silicone oil with potassium hydroxide (KOH) electrolyte to create an 

emulsion where silicone oil droplets were suspended and uniformly dispersed throughout the 

aqueous phase, as graphically depicted in Figure 1B. The oil phase of the emulsion stored oxygen 

at high concentrations while the aqueous phase allowed the ionic mobility necessary for 

electrochemical reactions. This silicone oil-in-water emulsion served as an air catholyte emulsion 

(ACE) for ORR and can be used in metal-air batteries or fuel cells. 

3.1 Emulsion Properties

To maintain uniform oxygen distribution and fast kinetics, it is important that emulsions 

remain stable and do not phase separate. Figure 2B shows a scanning electron microscope (SEM) 

image of an emulsion shortly after synthesis following the procedure in 2.1 and 2.2. The SEM 

image provides an initial estimate of oil droplet diameters and droplet size distributions, 

demonstrating ~300 nm droplet diameters. Figure 2C shows optical images of an emulsion sample 
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that was left to rest undisturbed for 365 days. The uniform, milky color of the sample on Day 0 

indicates that a colloidal suspension was formed. After 7 days, the sample retained uniform 

coloration with no visible phase separation or sedimentation. After 60 days and 365 days, there 

was slight sedimentation, as can be seen by the lighter color at the bottom of the vial (see section 

S2). However, the sample retained its milky color indicating no distinct phase separation. This 

form of a stability test is a conservative shelf-life estimate, as the envisioned use case for the ACE 

involves continuous convection in a flow cell setup, which would mix the solution to maintain a 

uniform dispersion. 

Figure 2. (A) Schematic representation of the emulsion synthesis process. (B) Scanning electron microscope (ESEM) image of 
emulsion captured shortly after synthesis. (C) Optical images of an emulsion sample resting undisturbed for up to 365 days since 
synthesis. (D) Dynamic light scattering (DLS) measurements comparing the droplet diameter of different emulsion samples which 
remained stirring from synthesis until testing. The differential intensity axis is purposefully offset for visibility. (E) DLS 
measurements comparing the average droplet diameter of emulsion samples before and after a re-homogenization procedure. The 
differential intensity axis is purposefully offset for visibility.
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Dynamic light scattering (DLS) measurements show the distribution of silicone oil droplet 

diameters in the emulsion over a 250-day period. Figure 2D compares DLS differential intensity 

as a function of droplet diameter for several different emulsion samples at various time points post-

synthesis. All samples were stored under continuous magnetic stirring (~500 RPM) until they were 

diluted to perform the DLS measurement. This stirring served to mimic the convection that would 

occur if the ACE were to be continuously used in a flow cell. As shown in Figure 2D, the peak 

droplet diameter for an as-synthesized emulsion (Day 0) was 278 nm. Over time, droplets 

agglomerated under continuous stirring, as shown by the increasing peak droplet diameter as the 

time from synthesis increases. Further, the width of the differential intensity peak is correlated 

with the uniformity of the droplet diameters. As shown in Figure 2D, as-synthesized emulsions 

have sharper peaks, demonstrating a more uniform dispersion of silicone oil droplets. While the 

peak droplet diameter remains similar (< 20% change) from 1 day post synthesis up to 55 days 

post synthesis, peaks become gradually more diffuse as time post synthesis increases. This 

demonstrates that droplet diameter uniformity decreases as the time post synthesis increases. 

While droplet agglomeration occurs over time, this process is reversible. Re-homogenizing 

an older sample restores smaller, more uniformly dispersed droplets. Figure 2E compares the 

differential intensity as a function of droplet diameter for two different emulsion samples, one 

tested 55 days after synthesis and one tested 154 days after synthesis. The solid lines indicate the 

intensity data of the sample that was under continuous stirring from synthesis until DLS testing. 

The dotted lines show differential intensity data for the same sample that was re-homogenized 

prior to testing. After re-homogenization, the peak droplet diameter for both samples decreased 

and was comparable to that of the freshly synthesized sample shown in Figure 2D. Additionally, 

the peak sharpened after re-homogenization, indicating a more uniform droplet dispersion. Our 
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silicone oil emulsions demonstrate droplet agglomeration over time; however, low droplet 

diameters can be regenerated from old samples. 

We measured the dissolved oxygen (DO) concentration in the emulsions to test our 

hypothesis that adding silicone oil will increase the emulsion DO because silicone oil can dissolve 

6.2 times as much oxygen as water, by volume. The emulsion samples synthesized in this work 

were 20% silicone oil by volume, which lead to an expected DO concentration of 16.5 mg/L. Since 

DO meters can only directly measure the DO concentration in aqueous solutions, we used a 

dilution method to measure the DO concentration in our emulsion samples, as described in 2.2 and 

depicted in Figure 3A. First, a vial of water (31.2 mL) was pre-purged with N2 until it reached a 

concentration of 0 mg/L oxygen. Then, a small amount (10.8 mL) of the desired sample was 

introduced into the measurement vial while continuously stirring. Oxygen from the emulsion 

samples diffused into the water at a concentration below the saturation limit. A DO meter then 

measured the increase in oxygen in the water over time. This DO measurement protocol was 

validated across different known conditions as described in Section S1 and shown in Figure S3. 

Figure 3B compares the concentration of dissolved oxygen in our emulsion samples to that 

of pure water and 0.5M KOH. Table S1 compares the gravimetric and volumetric dissolved oxygen 

concentration for the various media referenced throughout this work. The data in Figure 3B is the 

average value across three trials for a given fluid. The DO data for individual trials can be seen in 

Figure S3. The DO concentration of 0.5M KOH (7.6 mg/L) was less than that of pure water (8.8 

mg/L). The 80% KOH emulsion samples stored 1.9 times the dissolved oxygen (14.6 mg/L) as the 

pure KOH samples. Figure 3C schematically compares the measured volumetric dissolved oxygen 

concentration in our emulsions to 0.5M KOH relative to a 100 mL reference cube. Emulsions 

retain their high dissolved oxygen concentration for several months. Figure 3B shows that the 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4682257

Pr
ep

rin
t n

ot 
pe

er
 re

vie
wed



15

dissolved oxygen concentration for an emulsion sample 195 days post-synthesis (14.6 mg/L) was 

the same as the reference emulsion sample. The 195-day old emulsion sample was kept in a closed 

container to prevent evaporation and gas transfer and under continuous stirring to mimic a flow 

battery use case. Emulsion samples can dissolve large amounts of oxygen and maintain these high 

oxygen levels over time.

Figure 3. (A) Schematic representation of experimental setup for measuring the amount of dissolved oxygen in emulsions. (B) 
Average (n = 3) dissolved oxygen concentrations for water, 0.5M KOH, and emulsions at 21°C.  (C) Comparison of volumetric 
dissolved oxygen measurements (per 100 mL) of water, 0.5M KOH, and emulsions.  (D) Schematic representation of experimental 
setup for measuring the open circuit volage and dissolved oxygen concentration of a sample. (E) Open circuit voltage (vs. Hg/HgO) 
and dissolved oxygen concentration data for an emulsion sample that was perfused with nitrogen and air to demonstrate the 
capability of an emulsion to be recharged via air perfusion.
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The ability to store and retain oxygen makes silicone oil emulsions a suitable candidate for 

air catholytes. Once all the dissolved oxygen in the air emulsion catholyte has been consumed, 

oxygen needs to be extracted from surrounding air to effectively recharge the ACE. Figure 3E 

correlates the open circuit voltage of an ACE with its dissolved oxygen concentration over time. 

Figure 3D shows a schematic representation of the experimental setup used to control the amount 

of dissolved oxygen in an ACE while measuring the open circuit voltage (OCV). For this 

measurement, the Platinum working electrode is completely submerged in the emulsion such that 

the only oxygen available for ORR is the oxygen dissolved in the sample. Initially, the ACE is 

saturated with dissolved oxygen (13.7 mg/L) and rests at an OCV of 0.044V vs. Hg/HgO. The 

ACE was then purged with N2 to displace any dissolved oxygen and mimic a flow battery that has 

consumed all available dissolved oxygen during discharge. After perfusing with nitrogen for one 

hour, the OCV decreased to 0.016V and the DO concentration decreased to 3.5 mg/L (75% 

decrease). The flow rate of N2 into the ACE was then increased and perfusion continued. An 

additional ~1 hour of purging with nitrogen yielded another decrease in OCV (0.0028 V) and 

corresponding decrease in DO concentration down to 1.6 mg/L. After completely purging the ACE 

with N2, the sample was perfused with air to simulate recharging of oxygen the from the 

surroundings. Immediately after the air flow started, the OCV showed a steep increase toward the 

initial starting voltage. After 0.75 hours of air perfusion, both dissolved DO concentration (12.6 

mg/L) and OCV (0.044 V) had returned to their starting values. Additional air perfusion showed 

little change in both OCV and DO concentration. Figure 3E demonstrates that silicone oil 

emulsions can be recharged via air perfusion and are good candidates for air-rechargeable flow 

battery catholytes. 

3.2  Electrochemical Performance
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The air-catholyte emulsion has superior oxygen reduction reaction kinetics than 0.5 M 

KOH electrolyte with fully submerged electrodes. Figure 4A compares stationary linear sweep 

voltammogram (LSV) curves for oxygen-saturated 0.5 KOH emulsions and pure 0.5M KOH 

electrolytes with a fully submerged platinum working electrode. The emulsion curve shows a well-

defined reduction peak, indicating the occurrence of oxygen reduction, and demonstrates 4.9 times 

the peak current density as the 0.5M KOH electrolyte. This trend is independent of scan rate, as 

shown in Figure S4. 

Figure 4. (A) Stationary linear sweep voltammogram scans with a submerged platinum electrode at a scan rate of 100 mV/s 
comparing the oxygen reduction peak in an O2-saturated 0.5M emulsion sample to a 0.5M KOH sample. Linear sweep 
voltammogram scan curves of Pt/C ink on a glassy carbon rotating disk electrode in O2-saturated (B) 0.5M KOH emulsion and (C) 
0.5M KOH samples at a scan rate of 5 mV/s. (D) Ratio of oxygen reduction current in emulsion to 0.5M KOH as a function of 
voltage (E) Levich plot of current versus square root of rotation rate (ω1/2) for emulsion and 0.5M KOH samples.  (F) Tafel plots 
of Pt/C ink in emulsions and 0.5M KOH samples.

To further characterize the catalytic activity and ORR kinetics in the emulsions compared 

to a pure KOH electrolyte, we conducted rotation disk electrode (RDE) experiments with oxygen 

saturated electrolytes at a voltage sweep rate of 5 mV/s and disk rotation rates ranging from 250-
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2500 RPM. Figure 4B and C depict LSV sweeps at different rotation rates for a 0.5M KOH 

emulsion and 0.5M KOH electrolyte. The emulsion has a higher current than potassium hydroxide 

across all rotation rates, indicating higher ORR catalytic activity. We attribute this high ORR 

activity to the high dissolved oxygen concentration in the emulsions, which might surpass the 

saturation limit of the KOH electrolyte near the silicone oil interfaces. Figure 4D plots the ratio of 

measured current in the 0.5M KOH emulsion scans (as seen in Figure 4B) to 0.5M KOH scans (as 

seen in Figure 4C) at various RDE rotation rates. Rotation rates below 2500 RPM experience 

similar current ratio peaks ranging from 3.5-4.4. At these lower rotation rates, the current ratio 

reaches its peak of 4.4 at 0.07V. This early peak in the current ratio is because the emulsion shows 

an earlier onset potential than the KOH electrolyte. This can be seen more clearly in Figure S5, 

which directly compares RDE voltammograms between the emulsion and KOH at selected scan 

rates. At 0.07V, where the current ratio peak occurs, emulsion scans show a steep increase in 

current while KOH scans are still in the baseline current plateau region of the sigmoid wave. As 

the voltage decreases toward the area where diffusion limiting current exists on the RDE 

voltammograms, the current ratio for all rotation rates converges to 1.7 (see Figure 4B and C). 

This indicates that the diffusion limited current for 0.5M KOH emulsions is 1.7 times that of 0.5M 

KOH. 

Figure 4E shows Levich plots at different potentials for both electrolytes. The expected 

linear dependence holds for both emulsions and KOH electrolytes, indicating first order kinetics 

with respect to oxygen. Figure 4F compares Tafel plots for emulsion and KOH electrolytes. The 

two electrolytes have comparable Tafel slopes, though the emulsion has the lower slope (64 

mV/decade), indicating faster ORR kinetics in 0.5M KOH emulsions compared to 0.5M KOH.  
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Overall, Figure 4 demonstrates that air-catholyte emulsions have excellent oxygen reduction 

kinetics, even when the working electrode is not in direct contact with air. 

3.3 Stationary Tubular Flow Cells and Multifunctional Actuator Flow Cells

To test the performance of air emulsion catholytes in a full electrochemical cell, we created 

a stationary tubular flow cell (STFC). Figure 5A shows the experimental setup for assembling an 

STFC. Additional details are described in 2.4. Inspired by recent work,37 the STFC eliminates the 

need for traditional flow cell setups which are prone to leaks and often require high stack pressure. 

This design incorporates electrodes into the tubing itself, decreasing overall cell volume and 

creating a more flexible full cell. Our STFCs have a platinum carbon cloth cathode and pure zinc 

anode, separated by a PTFE-backed alkaline anion exchange membrane. The ACE is pumped 

through the flow cell via a peristaltic pump (50 mL/min) and recycled continuously. The inset 

image in Figure 5A shows a fully assembled STFC without the inlet and outlet tubing connected. 
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Figure 5. (A) Diagram of stationary tubular flow cell (STFC) showing inlet and outlet for the pumped emulsion electrolyte, Pt/C 
cloth cathode, anion exchange membrane separator, Zinc anode and current collectors. Inset: Optical image of an assembled flow 
cell. (B) Electrode polarization (left axis, teal) and power (right axis, burgundy) curves (50 µA/s scan rate) for a STFC with an 
emulsion catholyte pumped at 50 mL/min. (C) Discharge profiles for a STFC with an emulsion catholyte pumped at 50 mL/min, 
discharged at various current densities. (D) Optical images of a multifunctional actuator flow cell (MAFC) at three different 
actuation states. (E) Schematic showing the internal electrode placement for a MAFC in an inflated and deflate sate. (F) Strain (left 
axis, teal) and voltage (right axis, burgundy) data for a MAFC with an emulsion catholyte pumped at 50 mL/min discharged at 
various current densities.

Figure 5B shows polarization and power curves for an STFC. The STFC achieves an 

instantaneous peak power of 4.6 mW/cm2 at a current density of 5.6 mA/cm2.  The polarization 

curve shows three distinct linear regions, with the largest voltage drop occurring in the middle 

linear region. Significant losses within the STFC are attributed to ohmic resistance in the cell. The 

Nyquist impedance plot for this STFC has a real intercept of 40 ohms, indicating a high bulk 

resistance (see Figure S6) attributed to a lack of external pressure within the STFC which increases 

contact resistance and the separation distance between the anode and cathode within the flow cell 
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tubing. Figure S8 compares the bulk solution resistance of various electrolytes tested in a 

controlled coin cell setup and shows opportunities for impedance improvements with higher 

pressure and higher concentration electrolytes (see Section S4). 

Figure 5C shows a discharge rate study for the STFC discharged from 0.1 mA/cm2
 up to 5 

mA/cm2. Low discharge currents yield minimal voltage losses and steady discharge plateaus. At a 

discharge rate of 0.1 mA/cm2 a steady voltage plateau of 1.25V is maintained for the entire 10-

minute discharge. Similarly, 0.5 mA/cm2 and 1 mA/cm2 discharge rates yield steady discharge 

voltage of 1.2V and 1.1V, respectively. At 1.5 mA/cm2, the cell shows a larger initial voltage drop, 

but the discharge plateau remains constant at 0.84V. At higher current densities, additional losses 

are observed. At 5 mA/cm2, the flow cell voltage drops to 0.13V in less than one minute, which is 

impractical for most applications. Figure S9 shows a pseudo polarization and power graph 

generated from the discharge data in Figure 5C. The average voltage and power from each 

individual discharge experiment are plotted vs. the discharge current to elucidate the power and 

voltage performance of a cell under continuous, rather than instantaneous discharge conditions.  

The average discharge power density of the STFC reaches a maximum of 1.3 mW/cm2 at a 

discharge current density of 1.5 mA/cm2.  Discharging the STFC at rates of 1, 2.5, 3, and 3.5 would 

all yield a sustained average power density of ~1 mW/cm2. 

To collect the data from Figure 5C, the STFC voltage was continuously measured as each 

discharge was followed by an OCV rest period and then the next higher-rate discharge, as can be 

seen in FigureS10A-C. Not only does Figure S10 demonstrate that ACEs could be well suited for 

longer continuous use, but it also shows that the current-induced voltage losses seen in Figure 5C 

are recoverable. At a certain point, either the zinc anode or all the dissolved oxygen in the ACE 

will be consumed. Until this limit, the losses endured by the STFC are reversible. Figure S10D-F 
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shows the power performance of an STFC during this 250 min discharge rate study. The STFC 

achieves a maximum sustained power of 1.25 mW/cm2 (at 1.5 mA/cm2) and a maximum 

instantaneous power of 5.2 mW/cm2 at the beginning of the 4.5 mA/cm2 discharge. 

Finally, to demonstrate that ACEs are well suited for fully integrated multifunctional 

energy storage, we created a multifunctional actuator flow cell (MAFC) which can simultaneously 

hydraulically actuate and produce electrical energy. Figure 5D shows the MAFC setup, which is 

similar to the STFC but the main cell tubing was replaced by stretchable tubing encased in a rigid, 

plastic mesh to create a McKibben actuator. The plastic mesh constrains the expansion of the inner 

tubing to one-dimensional actuation along the tube length. The series of images in Figure 5D shows 

the MAFC as it is actuated from its initial length to its final length and then returns to its original 

length (see Movie S1). This actuation was achieved by inflating the inner flexible tubing with the 

ACE which serves both as an energy storage and hydraulic fluid. The MAFC is connected to inlet 

and outlet tubing and a peristaltic pump continuously pumps the ACE through the cell. At the 

outlet, a solenoid valve controls whether there is outflow of fluid from the MAFC. When the valve 

is closed, the MAFC inflates and the total length decreases. When the valve is opened, the MAFC 

deflates and returns to its original length. Since the MAFC design has each electrode inserted from 

either end of the tubing, the distance between the electrodes is a function of the actuation state of 

the MAFC. Figure 5E shows the internal electrode structure inside the MAFC during two different 

actuation states, fully deflated (top), and fully inflated (bottom). The fully deflated state shows no 

electrode overlap while the fully inflated state has maximum electrode overlap and thus minimum 

distance between electrodes. Since the ohmic resistance of the cell increases with increasing 

distance between electrodes, it is expected that the discharge performance of the MAFC is worse 

when inflated, as the electrodes are farthest apart in this state. 
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Figure 5F shows an overlay of strain and voltage data for an MAFC which is 

simultaneously actuating and discharging. The strain data (left axis, teal), shows stable and 

repeatable cycling, up to a maximum strain of 18% for 23 cycles. The discharge data (Fig. 5F right 

axis, shades of burgundy) shows the voltage performance of an MAFC under 3 different applied 

current conditions. Initially, the cell is in an open-circuit rest period (0 mA/cm2) with an initial cell 

voltage of 1.32 V. The cell is then discharged at a current density of 0.1 mA/cm2 where it 

experiences a gradual decline voltage to 1.12V over 3 minutes. After this initial gradual voltage 

decrease, the cell experiences a steep voltage drop (0.8V) until the discharge current decreases to 

0.05 mA/cm2. The STFC discharged at the same rate (0.1 mA/cm2) showed a stable voltage plateau 

of 1.25V. We attribute the poor rate performance of the MAFC to the ohmic resistances which 

result from the large separation distance between electrodes (see Figure 5E). Once the discharge 

current is decreased to 0.05 mA/cm2, the MAFC voltage shows some oscillating dips and increases 

over the first 2 minutes before returning toward the initial open circuit voltage (OCV) and 

remaining stable at 1.21V for the remaining 4 minutes. The slight voltage oscillations that can be 

seen during the 0.05 mA/cm2 discharge and final rest period are likely an artifact of the electrode 

distance changing as the MAFC actuates. A final OCV rest period shows that the MAFC can 

restore its initial voltage (1.22V). The MAFC discharge data demonstrates that current-induced 

voltage losses in emulsion catholytes are reversible with the introduction of lower current or full 

rest periods. Movie S2 and Figure S2 show two MAFCs with offset actuation states wired in series 

to light up an LED. This setup illustrates how multiple MAFCs could work together when 

integrated into a device. 

4. Conclusions
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This work demonstrates silicone oil-based air catholyte emulsions for flow batteries with fully 

submerged electrodes. Inspired by biological circulatory systems which transport and deliver 

dissolved oxygen through complex networks, we created an ACE capable of storing large amounts 

of dissolved oxygen (15.8 mg/L). Emulsions can maintain a uniformly dispersed oil phase and 

remain saturated with oxygen for several months. 0.5M KOH emulsions exhibit fast oxygen 

reduction reaction kinetics with fully submerged electrodes, with twice as much diffusion limiting 

current as a control 0.5M KOH electrolyte. ACEs can achieve a maximum instantaneous power 

density of 4.6 mW/cm2 at 5.6 mA/cm2 and can produce 1.2 mW/cm2 of sustained power at a 

discharge current density of 1.5 mA/cm2 in a zinc-air flow cell configuration where the only 

available oxygen is dissolved in the emulsion. Significant voltage losses, largely due to high 

resistances in the STFC, occur at discharge current densities above 2 mA/cm2; however, these 

voltage losses are recoverable after a short rest period if the dissolved oxygen in the ACE has not 

yet been depleted. Once depleted, ACEs can be re-saturated and thus recharged with an influx of 

surrounding air. Air emulsion catholytes are well suited for high energy density flow battery 

systems because they can extract energy from their surroundings but without the need for a semi-

open system like traditional air batteries. 

As this work presents an initial demonstration of the ACE concept, further optimization of both 

the emulsion and the flow cell design should yield higher power density and better rate 

performance. The emulsion synthesis recipe, specifically the ratio of silicone oil to aqueous phase 

as well as the ion choice and concentration in the aqueous phase is a promising area for further 

study. Increasing the ratio of silicone oil in emulsions should increase the amount of dissolved 

oxygen, but at the expense of ionic conductivity. Increasing concentration of ions in solution in 

the aqueous phase should improve the conductivity but will eventually inhibit the emulsions 
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stability. The ohmic losses present in STFCs and MAFCs can be mitigated both by increasing the 

bulk conductivity of the emulsion but also by a more optimal cell design with minimal transport 

distances between electrodes.

ACE is a first step towards integrating soft robotic systems with multifunctional, high-energy, 

air-rechargeable energy storage. Autonomous robotic systems designed with multifunctional 

components experience higher system-level efficiency. Energy storage components should be 

designed and implemented as multifunctional components in the systems that they power. In 

addition, the human body is continuously providing oxygen to its trillions of cells for cellular 

respiration without the need for each individual cell to have access to the surrounding air. We hope 

to embody future robotic systems with this same capability where many individual components 

can simultaneously extract oxygen from a distributed fluid. 
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