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SUMMARY  

Energy storage technologies have the potential to change the energy infrastructure 

from relying heavily on fossil fuels to mostly using temporally intermittent renewable 

energy sources. Lithium-ion battery is the dominant energy storage solution for portable 

electronics, but have safety concerns stemming from flammable organic electrolytes, 

which is more severe when batteries are scaled up for applications in electric vehicles and 

utilities. And due to the stacked powder-film-on-current-collector geometry, lithium-ion 

batteries have limitations in scalability and maintainability. Batteries using aqueous 

electrolyte (e.g. Zn-air) are intrinsically safe, and flow batteries (e.g. Zn-Br) are attractive 

choice for large scale energy storage. However, these two technologies (Zn-air and Zn-Br) 

have problems such as rechargeability, self-discharge, and power density.                                                       

This research identifies the limiting factors of both portable and large-scale 

batteries, especially zinc-based ones, and innovate at the material and device levels to 

overcome these limitations. Specifically, Section 1 introduces the background and 

motivation of this research. Section 2 identifies the root cause for irreversible 

electrochemical reaction of Zn anode, namely passivation and dissolution, and leverage 

nanoscale materials design to address these problems. Section 3 develops an in situ 

visualization platform for studying Br electrochemistry in Zn-Br batteries. Phenomena 

such as phase separated Br2 formation, self-discharge, and phase change of Br2 product 

will be imaged, to bridge the gap between electrolyte composition and electrochemical 

performance. Section 4 uses a hollow fiber based flow battery geometry design to 

significantly enhance the volumetric power density. The device is universal, scalable, and 
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not limited to electrolyte types. Section 5 provides a conclusion to this research and 

provides future directions.  

The outcomes of this research (e.g. in operando imaging platform, design principle 

of reversible metal anode, high power density electrochemical reactor) provides insights 

for portable scale and grid scale energy storages and other electrochemical flow devices. 

To note that the videos in this work is in .avi format.  

 

 



 1 

CHAPTER 1 INTRODUCTION  

1.1 Background 

The major energy source being used now globally is still fossil fuel such as 

petroleum and coal, which needs millions of years to replenish is predicted to run out at 

around the 22nd century if alternative energy sources are not being used. Also, the use of 

fossil energy source causes environmental pollutions, the primary gas contributes to global 

warming and the secondary gases cause acid rain.  

To solve the problems of the non-sustainable fossil energy source exhaustion and 

seek for a zero-emission pathway, a variety of renewable energy generators such as the 

utilization of wind and solar has been developed and applied for industrial and residential 

applications. On the other hand, intermittent renewable energy storages have been given a 

great amount of interest in the past several decades. Energy storage technologies have the 

potential to change the energy infrastructure from relying heavily on fossil fuels to mostly 

using temporally intermittent renewable energy sources. At portable scale, rechargeable 

batteries using solid active materials have been applied to electronic devices and electric 

vehicles, for example, lithium-ion batteries have been applied to smart phones and electric 

cars. At large scale, redox flow batteries using liquid active materials such as Zn/Br flow 

batteries have been used to support electrical grids. 1   

1.2 Basics of a Rechargeable Battery  

For batteries to be rechargeable, the electrochemical reactions must be efficiently 

reversible. Despite the size difference, rechargeable batteries are composed of five major 
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components, two active materials for electrochemical reactions, two current collectors on 

each terminal for electrons to pass through external circuits, namely positive and negative 

electrodes, and an electrolyte allowing ion transport internally. A separator may be 

necessary to keep batteries from short circuit or separate ions to prevent cross-reaction, 

depending on the battery geometry and chemistry. During the charging process, the 

electrochemical reaction at the negative electrode is a reduction reaction the reaction for 

the positive electrode is oxidative and vice versa (Figure 1.1.).    

 

Figure 1.1. A schematic of what happens in a simple rechargeable battery during 

discharging and charging. 

 

There are two major types of batteries discussed in this research, rechargeable solid-

solid batteries, and rechargeable flow batteries, which serve different purposes. Figure 1.2. 

shows a general setup for a portable-scale coin cell battery and a schematic of a flow 

battery. There are three main differences between the two types of batteries depending on 

the internal properties of the two batteries. First, the active materials in a solid-solid battery 
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is solid such as lithium or zinc metal, and react without an external replenish, which means 

the ability of selecting the suitable materials to maximize energy storage is very important. 

In contrast, flow batteries use electrolyte as the active materials which is initially stored in 

external tanks, and react when electrolyte is flowing through the electrodes, so the energy 

is not the limiting factor but the powerðcharging and discharging rate for the battery. 

Second, the two types of batteries are used in different circumstances. Solid-solid batteries 

are typically applied to small scale portable devices which has a lifetime of several years 

such as smart phones and electric vehicles. Flow batteries are used as large scale stationary 

energy storages which can have a life time of tens of years to support electric grids. Third, 

the energy and power of solid-sloid batteries are correlated while can be scaled 

independently for flow batteries. Solid-solid batteries are expecting to be charged in a short 

time and to be discharged to last one or two days, which must be charged at a small power 

and have a large volume. Flow batteries are different in a way that the time span is several 

hours, it needs to have both a high power to store energy from sources such as wind turbines 

and discharge at a high power to supply grid-level usage in rush hours. And the nature of 

external storage tank makes energy and power independent. 2 
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Figure 1.2. (a) Schematic of a typical flow battery. (b) Schematic of a portable scale solid-

solid battery. 

 

1.3 The Demand for High Performance Rechargeable Batteries 

Reachable batteries are expected to have a long cycle life, large energy density and 

specific energy and long duration for a single discharge, and a fast charge or discharge rate 

depending on the specific usage to the market and customers. Over the past several decades 

new active materials as well as catalysts have been applied onto anodes and cathodes to 

enhance battery cycle life, such as the lithium-ion battery family, 3 the use of quinone/Br 

flow battery4,5 and various bifunctional for oxygen cathode. 6 The use of high surface area 

nanomaterials, mixing active materials with additives, and surface coating have been 

applied onto active materials to solve specific problems of electrode materials such as 

material dissolution and degradation and morphology changes. 7 On the electrolyte side, 

organic electrolytes with different composition have been tested for lithium-ion batteries, 

different additives to enhance ionic conductivity and to prevent side reactions have been 



 5 

used, water-based electrolytes with different pH have been applied, even solid-state 

electrolyte has been invented to press material dissolution. On the membrane side, 

polymers with molecular, specific ion-selectivity and controllable porosity have also been 

a hot topic. 8 

All  the material researches mentioned above aim for enhance battery performance 

and mainly focus on lithium-ion batteries, yet the safety is usually neglected in battery 

researches. An alternative approach was taken by starting with aqueous battery chemistry 

that is intrinsically safe and improve other aspects. Specifically, Zn anode was the focus, 

which is the most active metal anode that is stable with water and can pair with oxygen 

cathode to have almost the same volumetric energy density as LiS battery.  

Another important factor being neglected is the architecture of batteries. 

Researchers tend to modify battery components to better fit the existing batteries yet 

designing batteries with engineering solutions to meet the demand of high performance 

could be revolutionary to the field.  

This research, at portable scale, explores possibility to solve existing problems 

associated with current Zn based aqueous batteries; at large scale, understand bromine 

electrolyte chemistry to develop a high-performance Br cathode, and design a new flow 

battery architecture with high surface-area-to-volume ratio to enhance battery performance.  

Section 1 introduces how batteries and flow batteries operate and the motivation of 

conducting this research. Section 2 identifies the root cause for irreversible electrochemical 

reaction of Zn anode in aqueous electrolyte, namely passivation and dissolution, and 

leverage nanoscale materials design to address these problems simultaneously. Section 3 
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develops an easy-to-set-up in situ visualization platform for studying Br electrochemistry 

in Zn/Br2 batteries. Phenomena such as phase separated Br2 formation, self-discharge, and 

phase change of Br2 product will be imaged, to bridge the gap between electrolyte 

composition and electrochemical performance. Section 4 introduces a hollow fiber based 

flow battery geometry design to significantly enhance the volumetric power density with 

increased-surface-area-to-volume ratio. Section 5 provides a conclusion to this research 

and provides future directions.  
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CHAPTER 2 LEVERAGE NANO AND MICRO SCALE MATERIAL 

DESIGN FOR A HIGH -PERFORMANCE ZINC ANODE FOR ZN -

AIR BATTERIES  

2.1 Ion Sieving Carbon Nanoshells for Deeply Rechargeable Zn Based Aqueous 

Batteries 

2.1.1 Introduction 

Energy storage technologies have the potential to change the energy infrastructure 

from relying heavily on fossil fuels to mostly using temporally intermittent renewable 

energy sources.1 Lithiumπion batteries (LIBs), for instance, have been extremely successful 

in portable electronic devices.2-4 In scaling up intermittent energy sources to be broadly 

utilized to power devices such as electric vehicles, the delicate balance between safety and 

performance has been a challenge due to the use of intrinsically flammable organic 

electrolyte materials. In addition to the high level of recent interest in allπsolidπstate LIBs,5-

8 an alternative is to develop battery technologies that use aqueous electrolytes which are 

intrinsically safe.9-11 

Among candidate anode materials for aqueous batteries, Zn is the most active metal 

that is stable in water and has one of the highest specific capacities. As an anode Zn has 

roughly three times the volumetric capacity (5854 mAh cmī3) compared to Li (2062 mAh 

cmī3).12, 13 When paired with an oxygen cathode, the theoretical volumetric energy and the 

Adapted with permission from ñWu, Y.; Zhang, Y.; Ma, Y.; Howe, J. D.; Yang, H.; Chen, 

P.; Aluri, S.; Liu, N. Ion-sieving carbon nanoshell for rechargeable Zn-based batteries. 

Advanced Energy Materials 2018, 8(36), 1802470.ò Copyright 2020 Wiley. 

https://onlinelibrary.wiley.com/doi/abs/10.1002/aenm.201802470
https://onlinelibrary.wiley.com/doi/abs/10.1002/aenm.201802470
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0008
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0009
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0011
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0012
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0013


 9 

battery is safer due to absence of flammable organic liquid, making Znπbased batteries 

attractive candidates for electric vehicles and largeπscale energy storage. There has been 

recent progress on rechargeable Zn anode materials in neutral or mildly acidic conditions 

that eliminate concerns of ZnO passivating the Zn surface.17-19 In order for Znπbased 

aqueous batteries to have higher specific energy than stateπofπtheπart LIBs, however, an 

oxygen cathode must be used,16 which favors alkaline electrolytes (e.g., KOH) to facilitate 

the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER). Although 

developing efficient ORR and OER electrocatalysts could lower the polarization and 

improve the round trip energy efficiency of Znπair batteries, their reversibility is mainly 

limited by the Zn anode, which has received far less attention.20-25 

A deeply rechargeable zinc anode in lean alkaline electrolyte (a cell utilizing the 

minimum amount of electrolyte) is a critical step toward zinc air battery that has not been 

achieved yet. A few attempts have been made before.26-28 However, to the best of our 

knowledge, all of the electrochemical data in past reports were obtained in beaker cells 

(Figure 2.1.1) with ZnO saturated electrolyte or a low depth of discharge (DOD), which 

raises several problems: (1) the amount of electrolyte exceeds the amount of electrode 

materials by å1000 times, which lowers the overall energy density and covers the problem 

of electrolyte side reactions; (2) the open cell configuration covers the problem of gas 

evolution and cell swelling; (3) the electrolyte is usually saturated with ZnO to extend the 

cycle life. Yet, the capacity from the ZnO dissolved in the electrolyte is 250πfolds of the 

active material used (assuming 10 mL of electrolyte and ZnO solubility of 0.256 mol 

Lī1 measured by inductively coupled plasma), and the mass of dissolved ZnO is not 

counted when calculating the specific capacity. The true performance of the active material 

https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0017
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0019
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0016
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0020
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0025
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0026
https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-bib-0028
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was not evaluated; (4) the utilization of Zn is usually low (<50%), which extends the cycle 

life, but lowers the overall energy density. 

 

Figure 2.1.1. Comparison between the coin cell used in our work and the beaker cell used 

in most of the past reports. The electrolyte volume exceeds the amount of electrode 

materials by å1000 times, and the ZnO added in the electrolyte contributes to majority of 

the capacity and battery performance. 

 

Testing under extremely harsh conditions (lean electrolyte, deep cycling, no ZnO 

in electrolyte) is not only necessary to evaluate the practicality of zinc anodes, but also 

places high demand on their performance. We test our battery material in coin cell which 

only uses 100 µL of electrolyte without any ZnO dissolved in the electrolyte from which 

the active material performance can be directly reflected in battery cycling. Also, we test 

to check if the active material can survive the harsh condition in the coin cell with problems 

such as electrolyte drying, gas evolution induced pressure build up, and loss of material 
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contact. The testing condition is of 100% DOD and at 1C. A comparison of testing 

conditions between this work and most of the past reports is summarized in Table 2.1.1. 

 

Table 2.1.1. Comparison of testing conditions between the coin cell used in our work and 

the beaker cell used in most of the past reports. The dissolved ZnO stores å250 times more 

capacity than the active material on the electrode. Also, the electrochemical data may be 

varied based on cycling conditions. 

 

a) Calculated with 10 mL electrolyte and 0.256 mol/L concentration by ICP 

 

The typical electrochemical reactions of Zn anode in an alkaline electrolyte are 

shown in Equations 2.1.1 - 2.1.3. Rather than a solid-to-solid direct transition, Zn metal 

first electrochemically oxidizes to a soluble zincate ion, then precipitates to solid ZnO.29  

 ὤὲ ί τὕὌ ὥήᵶὤὲὕὌ  ὥή ςὩ                                        ςȢρȢρ  

   ὤὲὕὌ  ὥήᵶὤὲὕ ί Ὄὕ ςὕὌ ὥή                                     ςȢρȢς  

Overall:   ὤὲ ί ςὕὌ ὥήᵶὤὲὕ ί Ὄὕ ςὩ                                       ςȢρȢσ  

 This work Most past reports 

Electrolyte volume 
100 µL electrolyte 

(limited OH-) 
mL scale electrolyte (infinite OH-) 

ZnO in electrolyte Not at all 
Saturated ZnO in electrolyte (extra 

capacity source) 

Mass of ZnO in 

electrolyte 
0 mg 208 mga) 

Extra capacity from 

electrolyte 
0 mAh 

137 mAh (~250 times of active 

material) 

Cycling 
100 % depth of 

discharge at 1C 
<50 % depth of discharge at <1C 

https://onlinelibrary.wiley.com/doi/full/10.1002/aenm.201802470#aenm201802470-tbl-0001
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Three major challenges currently exist for the rechargeable Zn anode for aqueous 

batteries as a result of the solid-solute-solid mechanism, the insulating nature of discharge 

product (ZnO), and the water stability window: 1) ZnO (the soluble and insulating 

discharge product) passivates the surface of unreacted Zn, which leads to low utilization of 

active material and a poor rechargeability (Figure 2.1.2 a); 2) ZnO dissolution causes Zn 

deposition to happen in random locations, which leads to electrode morphology change 

and dendrite growth after continuous cycling. In a lean electrolyte configuration, the Zn 

dendrite can penetrate the separator to short-circuit the battery. 3) H2 evolution on the Zn 

anode compromises Coulombic efficiency. Especially in a sealed cell with a limited 

amount of electrolyte (rather than the often-used beaker cell), H2 evolution dries out the 

electrolyte, enhances internal pressure of the battery, and gas bubbles block the ionic 

pathway, which leads to sudden battery failure. The H2 evolution reaction is shown in 

Equation 2.1.4. 

                                        ςὌ/ ςὩ ᴼὌ ςὕὌ                                                         ςȢρȢτ 
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Figure 2.1.2. (a) Schematic of passivation layer formation in the discharging process of a 

Zn metal anode. The passivation layer is not fully reversible upon charging, indicated by a 

thin layer of ZnO remaining after charging. (b) Voltage profile of a 2032 coin cell with a 

Zn foil anode and a NiOOH cathode. The battery failed to function after 7 cycles with 2.55 

mAh/cm2 at 1C. (c) SEM image of a Zn foil before cycling, showing a flat surface. (d) 

SEM image of the Zn foil after cycling, submicron level spherical particles are present, 

indicating a morphology change of the material. (e) Schematic of the ion-sieving nanoshell 

design for the Zn anode. The carbon nanoshell coated onto the ZnO nanoparticle allows 

hydroxide ions to freely pass through while slowing down zincate ion escape. 

 

Bulk foil is the most used Zn anode in aqueous batteries. Figure 2.1.2 b shows the 

voltage profile of a 0.25 mm thick Zn foil anode cycled with an excess-capacity NiOOH 
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cathode in a 2032 coin cell. The current density is 2.55 mA/cm2 and the capacity is limited 

to 2.55 mAh/cm2 with voltage cutoffs of 2 V in charging and 1.4 V in discharging. The 

capacity decays quickly over cycling and completely diminishes after only 7 cycles, 

suggesting that an irreversible and insulating ZnO layer quickly builds up during cycling. 

Such a passivation layer blocks the materials underneath this layer from further reaction. 

To confirm the surface passivation and morphology change, SEM images of Zn foil before 

and after the test are shown in Figures 2.1.2 c and 2.1.2 d, respectively. Initially the Zn 

foil has a flat surface (Figure 2.1.2 c), but submicron particles appeared on the surface 

(Figure 2.1.2 d) after cycling. 3D electrodes with micropores on the order of 50 µm have 

demonstrated promising performance,30,31 yet the feature size is still above the critical 

passivation size of approximately 2-3 µm (Figure 2.1.3), so ZnO can build up and impair 

battery performance. 

 

 

Figure 2.1.3. SEM image of the cross section of a Zn mesh with a ZnO passivation layer 

formed on it by discharging the Zn mesh under 1 mA with 10 µL electrolyte. The 

passivation layer is labeled with a red arrow, and the thickness is approximately 2.1 µm, 

which is ~20 times the size of our ZnO nanoparticles. 
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Starting with a nanomaterial with high-surface area could avoid the passivation 

layer problem. However, the dissolution problem is more severe. On the other hand, a 

nonporous coating could prevent ZnO dissolution but would also block the OH- transport 

necessary for the zinc redox reaction to occur. Therefore, it has been a challenge to 

simultaneously solve the dilemmas of passivation and dissolution.  

The concept of separating ions and molecules by size using selective membranes 

has been widely used in water purification, gas and fuel separation and biomedical 

dialysis.32ï35 A variety of materials such as graphene, graphene oxide, polymer and metal 

carbide membranes with a controllable pore size and permeability have been demonstrated 

to have ion-sieving capabilities, in various applications.36ï40 Applying the ion-sieving 

concept to Zn anode, to confine larger zincate ions and allow smaller hydroxide ions to 

permeate, is expected to prevent ZnO dissolution and electrode shape change.  

Here we propose an optimized structure to solve Zn anodesô passivation and 

dissolution problems simultaneously (Figure 2.1.2 e). Specifically, the structure features 

1) a submicron ZnO particle as the core, and 2) an ion-sieving carbon coating as the shell. 

First, unlike the bulk Zn foil which is several hundreds of microns thick, submicron 

particles will not have a passivation problem and will remain active in extended cycling. 

We choose to start from ~100 nm ZnO nanoparticles (discharged state) rather than Zn 

nanoparticles (charged state), because the former particles can be easily obtained in large 

quantities. It is of note that nanoparticles with even smaller diameter offer no further benefit 

to reversibility but have much more severe dissolution concerns. We deposit the carbon 

shell on these ZnO nanoparticles through carbonization of a uniform polydopamine coating. 

The ability of polydopamine coatings to form a uniform shell with controllable thickness 
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has been confirmed before.41ï43 The two-step synthesis method we report here is simple 

and scalable, and the carbon shell thickness is controllable by simply adjusting the 

dopamine mass during synthesis; details of the synthesis can be found in the supporting 

information. Second, the pore size of the carbon nanoshell is tailored to allow hydroxide 

ions to pass through while blocking transport of zincate ions. During charging, the zincate 

intermediate is trapped inside the carbon shell and reacts with Zn within the shell, 

preventing deposition of Zn in another location. In contrast, the OH- byproduct can diffuse 

out freely through the micropores in the shell due to their smaller size. During discharging, 

the trapped Zn oxidizes to form ZnO with the participation of OH- coming from outside 

the shell.  

2.1.2 Experiments and Methods  

2.1.2.1 ZnO@C Synthesis  

100 mg commercial ZnO nanoparticles (<100 nm, Aldrich) were dispersed into 100 

mL DI water followed by 10 minutes of ultrasonication, then 1 mL of Tris-buffer (pH 8.5, 

Alfa) and 100 (1:1), 200 (2:1) and 300 (3:1) mg of dopamine hydrochloride (Aldrich) were 

added and mixed for different nanoshell thickness, and then stirred for 24 hours. The 

fabricated polydopamine-coated ZnO nanoparticles ZnO@P were collected and washed 

with DI water two times in the centrifuge and dried overnight. Then the ZnO@P particles 

were heated in a tube furnace under Ar gas to 400 °C with a rate of 1 °C/min and stayed 

for two hours, then to 600 °C with a rate of 5 °C/min and stay for one hour. The picture of 

the powders at different experimental stages is shown below in Figure 2.1.4. 
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Figure 2.1.4. Optical images of (a) bare ZnO, (b) ZnO@Polydopamine, and (c) ZnO@C 

nanoparticles.  

 

2.1.2.2 Characterization 

The morphology analysis of ZnO@C nanoparticles was carried out using scanning 

electron microscopy (SEM, Hitachi SU 8230) and transmission electron microscopy 

(TEM, Hitachi HT7700). The weight percentage of carbon for the sample was determined 

from the weight loss curves measured under ambient environment on a thermogravimetric 

analysis instrument (TGA, TA instrument, Q500) with a heating rate of 5 °C/min to 850 

°C. The threshold ZnO@P calcination temperature was measured with TGA by heating the 

sample in Ar gas to 900 °C with a heating rate of 5 °C/min. The X-ray diffraction pattern 

(XRD, Panalytical XPert PRO Alpha-1) for both bare ZnO and ZnO@C nanoparticles were 

carried out with CuK-Alpha radiation. The specific BrunauerïEmmettïTeller surface areas 

and pore size distribution were determined by physisorption (BELSORP-MAX, Microtrac 

BEL Japan, Inc.). The X-ray photoelectron spectroscopy (XPS) was measured with AlK -

Alpha (Thermo K-alpha), XPS survey spectra and high-resolution Zn 2p, O 1s, C 1s spectra 

were measured. The dissolved concentration of both samples in 4M KOH electrolyte was 

measured with an inductively coupled plasma (ICP) measurement, the samples with the 
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same among of active material were immersed into 4M KOH for 5 minutes, 1 day and 10 

days, and the supernatant after centrifugation was measured. The ICP samples were filtered 

with 0.2 µm Acrodisc IC PES filters and diluted 100 times in ICP Matrix Solution. 

2.1.2.3 Electrode preparation 

Synthesized ZnO@C or as-received ZnO nanoparticles was mixed with carbon 

black (MTI) and PVDF (MTI) of an 80:10:10 ratio and grinded in a mortar, then N-Methyl-

2-pyrrolidone (NMP, Aldrich) of two times the mass of slurry was added to the sample and 

stirred in a 4 mL vial for 8 hours to ensure the slurry uniformity. The slurry was then casted 

onto Sn foil (Alfa) with a Doctorôs blade and dried at 90ÁC for 1 hour then calendared.  

2.1.2.3 Electrochemistry   

2032 coin cells were assembled under atmosphere environment with the can at the 

bottom, followed by the ZnO anode, 100 µL electrolyte immersed separator, then the 

Ni(OH)2 cathode, spacer, spring and the cap. Commercial Ni(OH)2 electrode (PowerGenix) 

was used as the cathode.  The separator used for battery testing was glass fiber filter (GF 

6, Whatman) unless otherwise noted. The composition of the electrolyte was 4M KOH 

(Aldrich) with 2M K2CO3 (Aldrich) and 2M KF (Aldrich) added to enhance ionic 

conductivity. Zn mesh (Dexmet) was discharged with 1 mA in 10 µL with Celgard 3501 

separator.  For bulk Zn foil battery testing, 0.25mm Zn foil (Alfa) was used for the anode 

while other battery parts remained the same and the GCPL (galvanostatic cycling with 

potential limitation) test was performed with 2 mAh at 1C. The voltage cutoff for GCPL 

was 2 V and 1.5 V for the charging and discharging processes, the cells were charged and 

discharged at 1C for comparison between bare ZnO and ZnO@C nanoparticles. The mass 
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loading of bare ZnO and ZnO@C is 1.03mg and 0.904mg for the comparison at low mass 

loading. The capacity for each cell was calculated with Equation 2.1.5 as shown below:  

ὅὥὴὥὧὭὸώ
   

   
ᶻ Ȣ                         2.1.5 

Where n is the number of electrons transferred in the relevant reaction, and F is the Faraday 

constant.  

Notice that the characterizations and battery performance are for the powders 

synthesized with a 2:1 dopamine hydrochloride to ZnO nanoparticles ratio except 

otherwise specified.  

2.1.3 Results and Discussion  

Figure 2.1.5. (a) SEM image of commercial ZnO nanoparticles with short rod-like shape. 

(b) SEM image of carbon coated ZnO nanoparticles (ZnO@C). (c) TEM image of a 

ZnO@C nanoparticle. The uniform carbon coating is ~20 nm thick. (d) TEM image of 

HCl etched ZnO@C particles, resulting in a uniform hollow carbon nanoshell. (e) TGA 

results used to determine the carbon content in ZnO@C nanoparticles. (f) XRD results for 

bare ZnO and ZnO@C nanoparticles.  
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The uniform polydopamine shell is first coated onto ZnO nanoparticles by stirring 

the particles with dopamine hydrochloride in Tris-buffer (pH 8.5) for 24 hours at room 

temperature in the presence of air. After carbonization at 600 °C, ZnO@C nanoparticles 

are obtained. The SEM image of bare ZnO nanoparticles is shown in Figure 2.1.5 a; the 

particles are of short rod-like shapes. SEM image shows a quasi-spherical morphology of 

ZnO@C (Figure 2.1.5 b), which indicates the coating is successful, and the particles are 

of slightly larger size than bare ZnO. The TEM image in Figure 2.1.5 c shows a single 

ZnO@C nanoparticle with an amorphous carbon shell coated uniformly on the surface and 

the thickness of the carbon shell is 20-30 nm. Notice that the coating thickness is tunable 

by simply changing the dopamine hydrochloride mass. TEM images of single coated 

particles with different coating thickness are shown in Figure 2.1.6.  

 

Figure 2.1.6. SEM images of ZnO@C particles with different carbon shell thickness, 

synthesized using different mass of dopamine hydrochloride. The mass of dopamine 

hydrochloride is 100 mg (1:1), 200 mg (2:1), and 300 mg (3:1). 

 

We choose 600 °C as the carbonization temperature because the ZnO core is 

reduced to Zn vapor and escape at above 680 °C, determined from the TGA results (Figure 
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2.1.7 a). TEM results confirm partial ZnO loss inside the carbon shell at 700 °C (Figure 

2.1.7 b), and complete loss at 800 °C (Figure 2.1.7 c). This phenomenon is also confirmed 

by the fact that 100 mg ZnO@polydopamine becomes ~20 mg after 800 °C carbonization, 

and ~70 mg after 600 °C treatment, respectively. Complete and self-supporting hollow 

carbon nanoshells can be obtained after etching away ZnO using HCl (Figure 2.1.5 c). The 

carbon mass fraction in the ZnO@C nanoparticles is determined to be 41 % by TGA in 

ambient air (Figure 2.1.5 e). The XRD patterns in Figure 2.1.5 f for both the bare ZnO 

and ZnO@C have the same peak positions, indicating the retention of ZnO hexagonal 

wurtzite crystalline structure after coating. No signature of crystallinity is observed for the 

carbon shell. 

 

Figure 2.1.7. (a) TGA data of ZnO@polydopamine nanoparticles under Ar environment. 

Above about 680 °C, there is a dramatic sample weight loss, suggesting that ZnO gets 

reduced by carbon and escapes from the carbon shell. (b) TEM image of a single ZnO@C 

particle synthesized with 700 °C maximum calcination temperature. The ZnO core is 

partially lost. (c) TEM image of ZnO@C nanoparticles carbonized at 800 °C. The ZnO 

core is completely lost. 

 

To investigate the nature of the zincate and hydroxide anion species, density 

functional theory (DFT) calculations are performed to study the structure and size of each 

species. Planewave DFT calculations were performed within the generalized gradient 
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approximation of Perdew, Burke, and Ernzerhof (PBE) using the Vienna ab initio 

Simulation Package (VASP).  Projector augmented wave pseudopotentials were used for 

all calculations.  A planewave basis set cutoff energy of 600 eV, k-point sampling at ũ, and 

an interionic force requirement of forces < 0.01 eV/Å were used to model molecular species 

in a cubic box with 20 Å edge length.  All ions were allowed to relax freely to convergence, 

and molecular species size was determined from the ionic coordinates and the size of the 

constituent species in-line with the calculations of Li et al.44ï47 The sizes of hydroxide ion 

and zincate ion, without solvation shells, are simulated to be 2.42 and 6.09 Å, respectively 

(Figure 2.1.8 a). We note that these ñrigid moleculeò sizes computed here are substantially 

smaller than the sizes of these ions under thermal motion, but that our calculations support 

the much smaller size of the hydroxide anion relative to the zincate anion species. An 

effective ion-sieving nanoshell should be uniform and have a pore size between the sizes 

of hydroxide and zincate ions. X-ray photoelectron spectroscopy (XPS) results confirm the 

uniformity of our carbon coating. As shown in Figure 2.1.8 b, bare ZnO has strong Zn and 

O signals, while ZnO@C only has a C signal. A comparison between both samplesô high-

resolution Zn spectra further confirms the complete coverage of carbon on ZnO in ZnO@C 

(Figure 2.1.8 c). The Brunauer-Emmett-Teller (BET) method is used to analyze the pore 

size of carbon-coated ZnO (Figure 2.1.8 d). The pore width is calculated from the 

adsorption/desorption isotherm to be around 5 to 8 Å (Figure 2.1.8 e), between the sizes 

of hydroxide and zincate ions plus the solvation shell. We therefore expect hydroxide 

species to be more mobile and zincate species to be less mobile when diffusing through the 

nanoshell. In comparison, uncoated ZnO particles do not have pores in the same range.  To 

directly verify the ability of the sample to prevent ZnO@C from dissolving into the alkaline 
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electrolyte, both ZnO and ZnO@C powders are soaked in 4M KOH for 5 minutes, 1 day 

and 10 days and the dissolved Zn(OH)4
2- are quantified using inductively coupled plasma 

atomic emission spectroscopy (ICP-AES). As shown in Figure 2.1.8 f, although Zn still 

dissolves into the electrolyte, the dissolved Zn(OH)4
2- from bare ZnO is much lower and 

slower than that from ZnO@C, which confirms that the carbon nanoshell functions as a 

barrier to slow down the zincate escape. 

 

Figure 2.1.8. (a) Structure and size of hydroxide ion and zincate ion calculated by DFT. 

(b) XPS spectra for bare ZnO and ZnO@C nanoparticles. (c) XPS high-resolution Zn 

spectra for bare ZnO and ZnO@C nanoparticles. (d) N2 adsorption/desorption isotherms 

of ZnO and ZnO@C nanoparticles. (e) BET pore width distribution of ZnO and ZnO@C 

nanoparticles. (f) ICP-AES quantification of ZnO dissolution in KOH electrolyte from bare 

ZnO and ZnO@C nanoparticles for 5 minutes, 1 day and 10 days. Bare ZnO dissolves 

much faster than ZnO@C. 
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To evaluate the electrochemical performance of ZnO@C nanoparticle anodes, we 

pair them with commercial Ni(OH)2 counter electrodes with largely excess areal capacity. 

2032 coin-type batteries are used to limit the amount of electrolyte and mimic practical 

application conditions. A Ni(OH)2 counter electrode is used rather than an air electrode to 

evaluate our anode because Ni(OH)2 has simpler electrochemistry, fewer factors 

influencing its battery performance, and it is compatible with sealed coin cells. The cells 

are galvanostatically charged to the theoretical capacity (658.5 mAh/g ZnO) and fully 

discharged to 1.5 V at 1C rate and 100 % DOD. An upper voltage cutoff of 2 V is set to 

avoid electrolyte decomposition. Figure 2.1.9 a compares the specific capacity of ZnO@C 

anode with a bare ZnO anode at similar mass loading. Performance of Zn foil, which 

degrades quickly in only seven cycles due to severe ZnO passivation is also shown in the 

same plot. The bare ZnO anode lasts for 20 cycles before severe capacity degradation is 

evident, indicating the success of decreasing feature size in mitigating passivation. Without 

nanoshell encapsulation, zincate is able to dissolve and diffuse prior to re-deposition, and 

electrode morphology changes over cycling. The ZnO@C anode outlasts the bare ZnO 

anode with approximately 1.6 times longer life in terms of cycles, we attribute the increased 

performance to reduction in the mobility of zincate.  
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Figure 2.1.9. (a) Specific capacity and Coulombic efficiency of bare ZnO (1.03mg), 

ZnO@C (0.94mg) and bulk Zn foil anodes during discharge process, the inset shows a 

typical 2032 coin cell fabricated during the experiment. (b) SEM image of bare ZnO anode 

before cycling. (c) SEM image of bare ZnO anode after 3 cycles, showing a dramatic shape 

change. Pores are indicated by yellow arrows. (d) SEM image of ZnO@C anode before 

cycling. (e) SEM image of ZnO@C anode after 3 cycles, the nanoparticles maintained a 

spherical shape as before cycling.  
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Noticeably, bare ZnO quickly decays to half of the initial energy storage capacity, 

while ZnO@C has a significantly slower decay and longer cycle life. This supports our 

hypothesis that the carbon nanoshell has suitable pore sizes to reduce the transport of 

zincate ions while allowing the hydroxide ions to pass freely. The carbon shell also 

increases the conductivity of the anode material, which is helpful for preventing the 

formation of a passivation layer, also with the help of the carbon nanoshell the 

overpotential for every single cycle of the battery with ZnO@C is lower than that of bare 

ZnO (Figure 2.1.10 a-b). The nitrogen doping also facilitates the conductivity of the 

carbon layer and charge transfer at the interface.48 Figure 2.1.10 c shows the voltage vs. 

specific capacity during the charging and discharging processes. The performances of the 

charging processes are similar, indicating a stable performance.  

 

Figure 2.1.10. (a) Comparison of voltage profile between bare ZnO and ZnO@C for the 

first charging process, ZnO@C particles show a lower overpotential. (b) Comparison of 

voltage profile between bare ZnO and ZnO@C for all the cycles, ZnO@C particles show 

a lower overpotential for every cycle. (c) Voltage profiles of the cell with ZnO@C anode 

at 1st, 10th, 20th, 30th, 40th cycles shown in the main text. 

 

Figure 2.1.9 b to Figure 2.1.9 e show the SEM images of both bare and coated 

ZnO anodes before cycling and after 3 cycles. Noticeably, the surface of bare ZnO anode 

has holes after cycling, labeled with yellow arrows in Figure 2.1.9 c, which is a result of 
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ZnO dissolution. In contrast, the ZnO@C anode maintained the electrode morphology, 

which confirms the ability of the carbon shell on ZnO@C to mitigate Zn anode dissolution 

and passivation. It is also confirmed from the TEM image in Figure 2.1.11 that after 

charging the active material is still confined in the nanoshell.  

 

 

Figure 2.1.11. A TEM image of a ZnO@C particle after charging, the active material is 

still well confined inside the nanoshell.  

 

To compare the battery performance under harsh testing conditions reported in this 

work to the performance under mild testing conditions in most of the past reports, we test 

a ZnO@C pouch cell using electrolyte saturated with ZnO (Figure 2.1.12 a), and the 

battery reaches 100 cycles with >90 % efficiency under 100 % DOD at 1C. Another 

ZnO@C pouch cell using electrolyte saturated with ZnO shows a performance of ~95 % 

efficiency and 100 % retention for 500 cycles (Figure 2.1.12 b), but the battery is cycled 
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at 12C. The comparison is clear evidence that a deeply rechargeable anode in lean 

electrolyte configuration is in demand and necessary to reflect the true performance of 

battery active material in Zn-based aqueous batteries while the drastically enhanced battery 

performance in most of the past reports is attributed to the ZnO saturated in the electrolyte 

and low utilization of active material.  

 

 

Figure 2.1.12. (a) Coulombic efficiency in a ZnO@C pouch cell with ZnO saturated 

electrolyte at 1C and 100% DOD. (b) Coulombic efficiency of a ZnO@C pouch cell with 

>95 % Coulombic efficiency and ~100 % retention for 500 cycles, with an actual rate of 

12C. 

 

2.1.2 Conclusions  
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In summary, we have simultaneously solved the dissolution and passivation 

problems of Zn anode materials by applying an ion-sieving carbon nanoshell coating onto 

ZnO nanoparticles which are well below the critical passivation thickness. The carbon 

nanoshell is uniform and complete. The micropores successfully slow down ZnO 

dissolution and limit zincate ion transport but allow hydroxide ions to pass freely, and the 

nanoshellsô rigidity prevents anode shape change and dendrite growth. The battery lifetime 

is greatly enhanced with the ZnO@C anode; the coated anode outperforms bare ZnO and 

Zn foil with approximately 1.6 times and 6 times longer cycle life in a coin cell with harsh 

testing conditions, respectively. The synthesis is simple and scalable with a controllable 

nanoshell thickness. This work is expected to provide guidance to the future design of Zn 

anodes for high-energy rechargeable aqueous batteries, and other high-energy battery 

electrodes.  
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2.2 Micro -scale zinc anode with pomegranate-inspired nanostructure for high-energy 

aqueous batteries 

2.2.1 Introduction 

To tackle the long-standing challenges of a completely rechargeable Zn anode in a 

limited quantity of electrolyte, we designed a ZnO pomegranate (Zn-pome) material in 

which the zinc oxide nanoparticles (ZnO NPs) are analogous to seeds that are individually 

encapsulated and held in clusters by a carbon shell diaphragm. The carbon shell coating on 

the nanoparticles was chosen for its porosity, stability in aqueous alkaline media, and 

electroconductivity. Figure. 2.2.1 shows the schematic of zincate motion during battery 

cycling of ZnO NPs (Figure. 2.2.1 a), ZnO@C NPs (Figure. 2.2.1 b) and Zn-pome 

(Figure. 2.2.1 c), respectively. There are several distinctive advantages to the Zn-pome 

electrode. First, the multi-layered carbon acts as a conductor, protector, and ion barrier in 

Zn-pome to adequately constrain the migration of the Zn(OH)4
2ī (the discharge product), 

thus mitigating the dendrite formation and shape change of the Zn electrode. Meanwhile, 

species with a smaller diameter (e.g. OHī and H2O) than that of zincate can permeate 

through the carbon shell. Second, the use of nanoscale (< 100 nm) primary ZnO particle 

avoids passivation. Once ZnO reaches a critical passivation thickness, it can no longer be 

fully converted to Zn.  

Adapted with permission from ñChen, P.* ; Wu, Y.* ; Zhang, Y.; Wu, T.-H.; Ma, Y.; 

Pelkowski, C.; Yang, H.; Zhang, Y.; Hu, X.; Liu, N. A deeply rechargeable zinc anode 

with pomegranate-inspired nanostructure for high-energy aqueous batteries. Journal of 

Materials Chemistry A 2018, 6, 21933-21940.ò Copyright Royal Society of Chemistry 

2020. 
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2.2.2 Experiments and Methods 

2.2.2.3 Microemulsion-based assembly of ZnO nanoparticles into clusters 

The nanoparticles of ZnO (ZnONPs, Aldrich, 100 mg) were dispersed in 2 mL 

distilled water by ultrasonication for 5 min, and then the emulsion was mixed with 8 mL1-

octadecene (ODE, Aldrich) solution containing 0.5 wt% of emulsion stabilizer 

(amphiphilic block copolymer, Hypermer 2524, Croda USA) and homogenized at 7000 

rpm for 1 min.  The water in the mixture was evaporated at 92~98 °C until no water vapor 

was observed. Then the ZnO clusters were collected by centrifugation for 5 min at 1500 

rpm and washed with cyclohexane twice. The cyclohexane was dried on the hotplate at 

80 °C.  The final powder was calcined at 400 °C for 2 hours and 600 °C for 1 h in air to 

remove the organics and condense the ZnO clusters.  

2.2.2.3 Carbon coating on clusters  

The powder of ZnO clusters (100 mg) was dispersed in 100 mL of water in 200 mL 

beaker, and 1000 ɛL Tris buffer pH 8.5 was added into the beaker while it was stirred at 

200 rpm·min-1. The dopamine (200mg, Aldrich)  was added to the mixture, which was then 

stirred for 24 hours. The Zn-pome was collected by centrifugation at 1500 rpm and washed 

3 times with distilled water. The water was subsequently removed by heating at 80 °C. The 

final Zn-pome was carbonized at 600°C for 1 hour with a heating rate of 5 °C/min in argon 

atmosphere. 

2.2.2.3 Characterization 
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The morphology analysis of bare ZnO, ZnO Clusters, and Zn-pome was carried out 

using scanning electron microscopy (SEM, Hitachi SU 8230). The morphology of Zn-

pome and the carbon shell after etching the ZnO cluster was determined using transmission 

electron microscopy (TEM, Hitachi HT7700). The cross-sectioned images of clusters after 

being etched in 1M HCl were generated using FEI Nova Nanolab 200 FIB/SEM that 

included SEM imaging and Focus Ion Beam (FIB) milling. The X-ray diffraction pattern 

(XRD, Panalytical XPert PRO Alpha-1) for bare ZnO, ZnONPs@C, and Zn-pome were 

carried out with CuK-Alpha radiation. The X-ray photoelectron spectroscopy (XPS) was 

measured with AlK -Alpha (Thermo K-alpha). XPS survey spectra and high-resolution 

spectra of Zn2p, O1s, and C1s were measured. The weight percentage of ZnO in Zn-pome 

was determined from the weight loss curves measured under air atmosphere on a 

thermogravimetric analysis instrument (TGA, TA instrument, Q500) with a heating rate of 

5 °C/min to 850 °C. The specific BrunauerïEmmettïTeller surface areas and pore size 

distribution were determined by physisorption (BELSORP-MAX, Microtrac BEL Japan, 

Inc.). The dissolved concentration of bare ZnO, ZnONPs@C, Zn-pome in 4M KOH 

electrolyte was measured with an inductively coupled plasma (ICP) measurement: three 

samples with the same amount of active material were immersed into 4 M KOH for 5 

minutes, and the supernatant after centrifugation was measured. The ICP samples were 

filtered with 0.2 ɛm Acrodisc IC PES filters and diluted 100 times in ICP Matrix Solution.  

2.2.2.4 Electrode preparation 

151 mg synthesized Zn-pome was gently ground in a mortar and transferred into a 

4 mL vial with 0.5 g N-Methyl-2-pyrrolidone (NMP, Aldrich),  then the 1.2 g NMP solution 

containing PVDF (MTI, ~ 10 wt% of PVDF) was added to the sample and stirred for 30 
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minutes. The slurry was then cast onto Sn foil (Alfa) with a Doctorôs blade and dried at 80 

°C for 30 minutes.  

2.2.2.5 Electrochemistry 

2032 coin cells were assembled under ambient environment, with Zn-pome anode, 

Ni(OH)2 cathode obtained from commercial Zn-Ni batteries (PowerGenix), and a separator 

(GF 6, Whatman). The aqueous electrolyte contains 4 M KOH (Aldrich), 2 M K2CO3 

(Aldrich) and 2 M KF (Aldrich). The control cells were assembled using the same process 

as Zn-pome anode batteries, just with the Zn-pome anode replaced by the bare ZnO anode. 

The cells were charged and discharged at 1C for comparison between bare ZnO and Zn-

pome, and the performances of the 5C rate discharge and self-discharge were investigated 

respctively. 

2.2.3 Results and discussion 

Controlling the size of Zn material to nanoscale is a practical approach to fully 

utilize the Zn material in the charge/discharge process. Therefore, the nanoscale ZnO 

primary material was chosen to build the Zn-pome. Besides, the robust carbon shell on 

ZnO NPs is both electrically and ionically conducting, which not only allows for good 

kinetics, but also improves the mechanical strength of the Zn anode. Third, the Zn-pome 

has a smaller solid-electrolyte contact area than ZnO@C NPs (As shown in Figure 2.2.1 

d), which can significantly reduce the dissolution rate during cycling. Hence, the long-

standing limits that have impeded the rechargeability of Zn electrode (i.e., Zn dendrite 

formation, Zn electrode shape change and ZnO passivation) can be significantly alleviated 

by the electrode design of Zn-pome. 
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Figure 2.2.1. (a) ZnO NPs with fast dissolution rate in alkaline aqueous solution; (b) ZnO 

NPs coated with carbon; (c) Zn-pomegranate in which carbon filled into the free space of 

ZnO clusters plays a crucial role in ion sieving, conductivity, and structure stabilization of 

the electrode; (d) Calculated surface area in contact with electrolyte and the number of 

primary nanoparticles in one Zn pomegranate cluster versus its diameter. The smaller the 

surface contact with the electrolyte, the lower capacity fading. 

 

The synthesis of Zn-pome is schematically illustrated in Figure 2.2.1. Micro-

emulsion procedures have been used to synthesize other electrode materials with 

hierarchical particulate structures, for application in LIB43 and Li-S battery49. Here ZnO 

NPs were first dispersed in distilled water by ultrasonication and then mixed with 1-

octadecene solution containing emulsion stabilizer. After removing the water and organics, 

the ZnO NPs self-assembled to form close-packed ZnO clusters and were then condensed 
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(Figure. 2.2.1 a). The obtained clusters were subsequently coated with a thin layer of 

dopamine, which was further carbonized under argon atmosphere to form Zn-pome. 

   

 
Figure 2.2.2. (a) The Zn-pome were prepared by a bottom-up microemulsion approach. 

(b) A picture of ZnO NPs. (c,f) A picture and a SEM image of ZnO clusters collected from 

centrifugation at 1500 rpm for 5 min. The size is not uniform. (d,g) A picture and a SEM 

image of ZnO clusters obtained by first centrifuging at 400 rpm for 1 min to remove large 

clusters, and then centrifuging at 1500 rpm for 5 min. (e,h) A picture and a SEM image of 

Zn-pome synthesized using Zn clusters shown in d and g.  

 

The SEM images of the ZnO clusters were investigated under various 

magnifications (Figure 2.2.3 a-c). These clusters with diameters in the range of 1-6 µm 

consisting of primary ZnO NPs. The rounded edge of the Zn-pome (Figure 2.2.3 d-f) 
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indicates that the ZnO clusters were adequately coated with a thin layer of carbon 

framework.  

 

Figure 2.2.3. (a-c) SEM images of clusters of ZnO nanoparticles assembled via a 

microemulsion approach. (d-f) SEM images of Zn-pome (nanoporous carbon coated ZnO 

cluster). (g) TEM image of Zn-pome. (h) TEM image of the carbon framework of Zn-pome 

after etching away ZnO in 1 M HCl for 24 hours. (i) Cross-sectional SEM image of one 

Zn-pome microparticle obtained by focused ion beam (FIB) analysis. 

 

The detailed structure of the Zn-pome was investigated using higher resolution 

transmission electron microscope (HRTEM) and focus ion beam milling image (FIB) 

analysis. According to the TEM images (Figure 2.2.3 g and Figure 2.2.4 a), the diameter 

of a typical Zn-pome microparticle is ca. 6 ɛm. When the Zn-pome was treated with 1M 
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HCl to etch away ZnO, the hollow carbon framework can be clearly observed in TEM 

images (Figure 2.2.3 h and Figure 2.2.4 c-f). This indicates each of the ZnO NPs was 

individually coated by a thin layer of carbon framework with the thickness of ca. 10-15 nm.  
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Figure 2.2.4. (a) TEM images of Zn-pome. (b) Schemtic of etching ZnO. (c-f) TEM images 

of Zn-pome after etching away ZnO in 1 M HCl. 
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Moreover, the coated carbon framework is stable even without the solid ñseedsò, 

ZnO NPs, which is crucial for the structural stability of the Zn-pome especially when the 

active Zn material is mainly oxidized and dissolved after deep discharge process. Fig. 2.2.3 

i exhibits the cross-sectional images of the Zn-pome microparticle obtained by the Focus 

Ion Beam milling image (FIB) analysis. A secondary Zn-pome microparticle consists of 

ZnO NPs clusters, in which each of ZnO NPs, with rounded surface, was uniformly 

capsuled by the carbon framework. More cross-sectional images are illustrated in Figure 

2.25. The abovementioned morphology investigations of Zn-pome reveal that the Zn-pome 

fabricated by bottom-up approach, consisting of robust carbon framework and ZnO 

nanoparticles, can be used to anode in zinc-based batteries. 

 

Figure 2.2.5. (a) Top-view image of Zn-pome after FIB milling. (b) Cross-section image 

of Zn-pome after FIB milling.  
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XPS and XRD were used to characterize the crystal structure and chemical 

composition of Zn-pome (Figure 2.2.6 a-c).  The XRD pattern of the Zn-pome is like that 

of the ZnO NPs and ZnO@C NPs. No characteristic peak of carbon was detectable, 

indicating an amorphous coating of carbon on the ZnO NPs. The reduced intensity of ZnO 

for Zn-pome suggests the ZnO NPs are uniformly covered by the carbon framework, 

therefore, it shields the diffractive signals of ZnO slightly. Similarly, strong C1s signal and 

relatively weak Zn2p and O1s signals in the XPS survey spectrum can be observed for Zn-

pome in comparison with ZnO NPs. Accordingly, the Zn-pome is characterized as the ZnO 

NPs clusters uniformly coated with an amorphous carbon layer. The content of carbon is 

found to be about 40% in the Zn-pome based on TGA in air, as shown in Figure 2.2.6 d. 

The BET result reveal that the average pore size of the carbon shell is ca. 10 Å (Figure 

2.2.6 e). This indicates the carbon framework can properly mitigate the permeation of 

zincate through the shell structure.  
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Figure 2.2.6. (a) XRD patterns and (b) XPS spectra of ZnO NPs, ZnO@C NPs and Zn-

pome. (c) High-resolution XPS spectra of ZnO NPs and Zn-pome. (d) TGA weight loss 

curve and (e) BET pore size distribution of Zn-pome. (f) Dissolved and undissolved 

portions of zinc in 4 M KOH electrolyte for ZnO NPs, ZnO@C NPs and Zn-pome, 

embedded pictures show the electron microscopic images of ZnO NPs, ZnO@C NPs and 

Zn-pome.  

 

To verify the ion-sieving ability of the carbon coating, we investigated the 

dissolution rate of the ZnO in aqueous alkaline electrolyte. Samples of ZnO NPs, ZnO@C 

NPs and Zn-pome containing equal amount of zinc were immersed in 1 mL of 4 M KOH 

solutions at the same time, respectively. After a certain amount of time, the concentration 

of Zn species dissolved in the solutions were analyzed by ICP. As shown in Figure 2.2.6 

f, the Zn-pome significantly reduces the portion of dissolved Zn in KOH (1.05%) in 
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comparison with ZnO NPs (30.8%) and ZnO@C NPs (11%). This effect is attributed to 

the synergistic function of carbon shell and secondary structure in Zn-pome. The diffusion 

of zincate in alkaline media is confined within the secondary particle, while the confined 

zincate can still be electrochemically reduced. The pomegranate structure is also expected 

to alleviate the Zn dendrite formation and shape change (i.e., localized densification) 

during charge/discharge process. Thus, the long-standing constrains for rechargeability of 

Zn electrodes can be effectively overcome.  

The electrochemical performance of the Zn-pome and ZnO NPs was evaluated by 

a full cell configuration consisting of Ni(OH)2 cathode with excess capacity obtained from 

commercial zinc-nickel batteries. It should be noted that the battery testing protocols used 

in this work were extremely harsh in three aspects: 1) Lean electrolyte. We used 2032 coin 

cells with a limited amount of electrolyte rather than beaker cell with excess electrolyte 

because coin cells better represent real operating conditions. 2) ZnO-free electrolyte. ZnO-

saturated KOH electrolyte is commonly used to provide higher specific capacity and longer 

cycle life, but zinc species initially present in the electrolyte are likely to contribute to the 

capacity of the cell and conceal the actual performance of active zinc material on the 

electrode. 3) Under 100% DOD, the full energy density can be delivered. Generally, 

however, <50% DOD is used for Zn anodes because of the passivation problem. 
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Figure 2.2.7. (a) Specific capacity of ZnO NPs and Zn-Pome. (b) Voltage profiles of Zn-

Pome/Ni(OH)2. (c) Specific capacity of ZnO NPs/Ni(OH)2 and Zn-Pome/Ni(OH)2 at 5C 

discharge rate. (d) Testing of self-discharge of Zn-pome cells cycling at 0.5C for one cycle, 

resting for 24 h, then cycling at 1C. (e) SEM image of Zn-pome anode before cycling (f 

and g) and after two cycles. 
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Under such harsh testing condition, the cells containing the Zn-pome anode (Zn-

pome/Ni(OH)2) exhibited a remarkable capacity and cycle life, superior to that of the ZnO 

NPs and ZnO NPs@C anode with Ni(OH)2 cathode. As shown in Figure 2.2.7 a, although 

the specific capacity of the Zn NPs/Ni(OH)2 was higher than that of Zn-pome in the first 

few cycles, the discharge capacity of the Zn NPs/Ni(OH)2 decreased sharply over 20 cycles 

due to the fading of the anode resulting from high dissolution rate of ZnO in strong aqueous 

alkali electrolyte. The problem of abrupt capacity decay of the control sample after 25 

cycles can best be attributed to high dissolution of zinc, which subsequently results in the 

formation of dendrites, as well as substantial electrode shape change after several cycles 

from repeated redistribution of active material. Other issues stem from the hydrogen 

evolution reaction (HER) on the surface of the zinc, which not only worsens the efficient 

utilization of the zinc but also leads to swelling of the cell, causing the cell to crack and the 

electrolyte to dry out. The loose contact in the cells inflated by hydrogen further cause 

abrupt capacity fading. In contrast, the capacity of the Zn-pome/Ni(OH)2 was stable for 50 

cycles and then gradually decreased, showing a better cyclability than the Zn NPs/Ni(OH)2. 

This improvement could be attributed to the ion blocking ability of the carbon shell in the 

Zn-pome anode and the smaller solid-electrolyte contact area. Figure 2.2.7 b presents the 

typical charge/discharge profiles of the Zn-pome/Ni(OH)2 battery in the 1st, 10th, 20th, 30th 

and 40th cycles. The average discharge voltage of the Zn-pome/Ni(OH)2 cell maintained at 

1.80 V after 40 cycles, indicating excellent cycling stability.  

The improved performance of the Zn-pome/Ni(OH)2 cells compared to Zn 

NPs/Ni(OH)2 is attributed to the ion-sieving ability of the carbon shell and secondary 

particle structure. The increase in charging voltage in consecutive cycling is likely due to 
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the accumulation of hydrogen evolved in the reduction of water. Although managing gas 

generation in sealed cells remains a concern, the hydrogen evolution can be effectively 

suppressed by the adjustments of electrolyte (such as the use of water-in-salt50 or solid state 

additives51ï53). This work mainly focuses on the structure design of Zn anode.  

The electrochemical performance of the Zn-pome/Ni(OH)2 is also superior to the 

Zn NPs/Ni(OH)2 at a higher discharge rate (5C), as shown in Figure 2.2.7 c. The discharge 

capacity of the Zn-pome/Ni(OH)2 maintained around 400 mAhg-1 for 45 cycles (e.g. 411 

mAhg-1 at the 44th cycle). However, the Zn NPs/Ni(OH)2 suffers from a quick decay of 

discharge capacity after the 3rd cycle (merely 186 mAhg-1 at the 21st cycle). Accordingly, 

the superior performance (both specific capacity and cyclability) of Zn-pome in 

comparison with ZnO NPs clearly demonstrate the merits of nano-design of pomegranate-

structure ZnO. 
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Figure 2.2.8. (a-d) SEM images of Zn-pome anode after cycling at 1C after cycling 10 

cycles. (e-l) after cycling 20 cycles. 

 

To further investigate the dissolution-resistivity, the coin cells were conducted one 

cycle at 0.5C and then rested for 24 hours before resumed cycling at 1C. During the 24-hr 

resting, the Zn anodes are in the discharged state, and ZnO, the dominant species, would 

rapidly dissolve in electrolyte if left unprotected (Figure 2.2.6 f). As shown in Figure 2.2.7 

d, the Zn NPs/Ni(OH)2 has a fast capacity decay. On the other hand, the Zn-pome/Ni(OH)2 

still exhibits high capacity after resting and maintains 84% of capacity even after 40 cycles 

(on the basis of the 3rd cycle), indicating that Zn-pome anode is effective in retaining the 

Zn active species due to the carbon framework. The morphology evolution of Zn-pome 

was investigated by SEM (Figure 2.2.7 e-g, and Figure 2.2.8). The Zn-pome anode 

maintained the microspheric morphology after ten charge/discharge cycles, indicating the 

robust morphology of the pomegranate structure. Therefore, the Zn-pome is a novel Zn 
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anode material that can mitigate the Zn dendrite formation, shape change and passivation 

issues in alkaline Zn ion batteries. To note that the data in Figure 2.29 is normalized based 

on the total mass of Zn-pome (active material/binder/additives) thus lower than what is in 

the ZnO@C section, and Zn-pome shows a more stable and longer cycle life than the 

comparisons. 

 

Figure 2.2.9. (a) Specific capacity of Zn-pome, ZnO NPs@C and ZnO NPs. (b)Additional 

battery cycling data of bare ZnO and Zn-pome anodes (1C). 

 

We have designed and synthesized a nanoscale pomegranate-inspired hierarchical 

Zn anode material (Zn-pome) via a bottom-up microemulsion approach. Each Zn-pome 

microsphere is around 6 ɛm composed of ~105 ZnO nanoparticles individually 

encapsulated by an amorphous, micropourous, and conductive carbon shell that slows 

down the dissolution of zincate intermediate species during cycling. The secondary 

structure further suppresses the zinc dissolution by decreasing the electrode-electrolyte 

contact area. ICP analysis confirms that Zn-pome has significantly suppressed dissolution 

of zinc compared to ZnO NPs nanoparticles and ZnO@C nanoparticles. Because of this 
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design, the Zn-pome anode demonstrated remarkable capacity and cycle stability under 

extremely harsh testing conditions (lean electrolyte, ZnO-free electrolyte, 100% DOD). It 

also retained high capacity after long-term resting in a discharged state, in which the ZnO 

in the electrode has a massive tendency to dissolve. The success of the Zn-pome anode can 

be attributed to a few design principles that manage soluble intermediates during repeated  

2.3 Conclusions 

By leveraging nano and micro-scale material design the dissolution and passivation 

of Zn anode in portable-scale alkaline aqueous batteries. Yet efforts are necessary to 

suppress the side reactions such as hydrogen and oxygen evolution. This design rationale 

can be applied to other dissolution-participation mechanism-based batteries such as Li-S 

batteries or other electrochemical reactions based on size exclusion. Scaling up and keeping 

the procedure at a low cost would be the next step.  
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CHAPTER 3 UNDERSTAND AND DEVELOP HIGH 

PERFORMANCE BROMINE CATHODE FOR ZN/B R2 FLOW 

BATTERIES WITH OPERANDO IMAGING  

3.1 Introduction  

To utilize intermittent renewable energy (e.g., solar and wind), stationary energy 

storage technologies have been studied extensively in the past decades.1ï5 Redox flow 

batteries (RFBs) scale energy (storage volume and electrolyte concentration) and power 

(electrode surface) separately and are especially suitable for large-scale applications.6ï11 

Compared to the most well-known and commercially mature vanadium flow batteries 

(VFB) which has a high power density of >500 mW/cm2 and a high energy density of >30 

Wh/L,3,12ï19 zinc-bromine flow batteries (ZBFB) features high nominal voltage (1.82 V) 

and low-cost materials and is drawing increased attention recently.20,21 Several pioneering 

companies such as Redflow Ltd.,22 Ensync23 and Primus Power24 have started to 

commercialize ZBFBs for residential, industrial, and telecom applications.25,26 The total 

reaction for a typical ZBFB is shown in Equation 3.1.  

 
Zn2+

(aq) + 2Br-(aq)                         Zn(s) +  Br2(aq)                  3.1 
 

 

Adapted with permission from ñWu, Y.; Huang, P-W.; Yan, Y.; Howe, J. D.; Martinez, J.; 

Marianchuk, A.; Chen, H.; Zhang, Y.; Liu, N. In operando visualization of the 

electrochemical formation of liquid polybromide microdroplets. Angew. Chemie. Int. Ed. 

2019, 58(43), 15228-15234.ò Copyright 2020 Wiley. 

Charge 

ᵶ 

Discharge 
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Compared to VFB, a major challenge in ZBFB is that the charge product, Br2, is 

soluble in aqueous electrolyte (0.33 mg/mL), causing the cross-contamination problem.27 

It diffuses to the Zn anode side, reacts with the anode, and decreases the Coulombic 

efficiency. In addition, the high vapor pressure of Br2 (28.26 kPa at 25 °C)27 can also cause 

serious health and environmental issues. These problems can be mitigated by introducing 

complexing agents to the electrolyte to sequester Br2 out of the aqueous phase into a 

separate phase, preventing Br2 from reaching the Zn anode and lowering the vapor pressure 

of Br2.  

N-methylethyl-pyrrolidinium bromide (MEPBr), a quaternary ammonium bromide 

(QBr), has been used as a complexing agent to sequester Br2 to form phase-separated 

polybromides (MEP+Br2n+1
-, n=1, 2, 3, 4).28,29 However, several mechanistic working 

principles of MEPBr remain unexplored. 1) The dynamic microscopic interactions and 

behaviors of the polybromide near and on the electrolyte-electrode surface. It will be 

valuable to visualize and understand the details happening at the interfaces to analyze 

battery failure mechanisms. 2) The nucleation process of polybromide charge products-if 

the nucleation process involves only liquid products or if there are solids existing. The 

liquid nature of the charge products is important for them to be carried away from the 

electrode surface by the flowing electrolyte. 3) The chemical identity of the polybromides 

as they are formed on the electrode surface. Some recent literature reports30ï33 assumed the 

charge product to be MEPBr3, rather than higher-order polybromides, but lacked direct 

characterization. Characterizing the polybromides formed in the presence of MEPBr could 

potentially guide the design of higher performance complexing agents. 
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Ex situ Raman spectroscopy has been conducted on polybromides (Br2n+1
-, n = 1, 

2) with different cations in the 1960s, and the authors briefly discussed the possible 

existence of Br5
- based on the analogy of Cl5

-.34,35 In 2010, polybromides (Br2n+1
-, n = 1, 2, 

3, 4) were characterized with (CH3CH2)4N
+ cation, combining ex situ, in situ Raman 

spectroscopy and computational methods.36 Yet the difference in cation compared to MEP+ 

cation leads to completely different physical properties, such as the phase of reaction 

product at room temperature. While recent reports relate nano ampere spikes to voltage in 

MEPBr through electrochemical analysis, these products were assumed to be MEPBr3 

without characterization, and the randomly generated products led to a low signal-to-noise 

ratio.32 Confocal microscopy has been used to study MEPBr, but the focus was only a 2D 

plane on a 3D object, the poor resolution and black and white color made it difficult to 

distinguish between the reaction product and the background electrode. Also, the analysis 

did not include the discharge process.33  

The lack of mechanistic understandings of MEPBr and polybromides is due to 

several practical challenges in analysis and characterization. 1) Similar to polysulfides,37,38 

the polybromides are easily affected when taken out of the native environment for analysis, 

because of the complex low-energy-barrier Br reaction pathways and the variety of Br 

family species.39,40 2) The polybromides are extremely sensitive to electron beam and X-

ray irradiation and the vacuum environment of electron microscopies.41,42 Existing studies 

rely heavily on computational methods.41 3) High temporal and spatial resolution operando 

studies are needed to depict the complete mechanism. In situ, real-time, non-perturbing 

investigation of polybromides as they are electrochemically formed on the surface of the 

electrode not only provides fundamental knowledge of the polybromide sequestering 
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phenomena and guides the design of ZBFB, but also has broader implications on ionic 

liquids in general and their applications such as water treatment.43 

Here we use dark-field light microscopy (DFLM) and an easy-to-assemble planar 

cell (Figure 3.1 a) to study polybromide electrochemistry. Optical light microscopy is 

widely accessible and non-perturbing.44 Dark-field increases the sensitivity to contrast and 

tiny features. Using optical light microscopy, samples can be imaged under ambient 

conditions with aqueous electrolytes which directly represents real battery operating 

conditions without any complexities in battery fabrication associated with electron or X-

ray microscopy.  
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Figure 3.1. (a) Schematic of the cell and microscopy for in operando visualization of 

bromine electrochemistry. The inset shows a real picture of the in operando cell. (b) Time-

lapse DFLM images showing the formation of polybromide droplets. (c) Two sets of 

images recording the rapid merging of polybromide droplets, indicating their liquid nature. 

(d) Time-lapse DFLM images during discharging of the same cell as (b). (e) Illustration of 

the droplet pinning to the Pt surface during discharge. (f) Voltage profile of the first cycle. 

The point labels, from the left to the right, correspond to the images in (b) and (d). 
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100 nm of platinum (Pt) deposited on a transparent glass substrate by electron-beam 

evaporation serves as the working electrode on which the polybromide forms (Figure 3.2). 

The flat surface allows the reaction to be monitored without obstacles. Notice that the Pt 

surface is used for higher visualization quality compared to carbon cloth, in practical 

applications using Pt as the electrode for ZBFB is expensive and may result in the 

redistribution of the polybromide droplets. The electrolyte contains Br-, MEP+, and Zn2+ 

ions. A narrow piece of carbon paper is used as the counter electrode to deposit Zn from 

Zn2+ in the electrolyte. Using this platform, we successfully achieved in operando 

visualization of the electrochemical formation of polybromides and revealed: 1) The charge 

products are liquid, and they follow the classical nucleation and growth theory. 2) The 

residual effect of charge products (deposition at the same location) over cycling, due to 

residual charge products left on the electrode. 3) The spontaneous consumption of charge 

products during resting (self-discharge). 4) Formation of polybromide is not substrate 

dependent. 5) Overcharging-induced side reaction of polybromides. This transparent 

electrochemical cell also allows the use of in situ Raman spectroscopy, which reveals that 

the electrochemically generated liquid polybromide is mainly MEPBr5. The bromine was 

initially dissolved in the electrolyte in the reduced form (Br-).  
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Figure 3.2. (a) SEM of the Pt surface under low magnification with a carbon background 

as a reference. (b) Pt surface under high magnification, showing a flat geometry. 

 

3.2 Experiments and Methods 

3.2.1 In operando cell fabrication 

5 nm of Ti, and then 100 nm of Pt/Ni are evaporated onto a 75×25 mm glass slide 

(Corning) by E-beam evaporation (Denton Explorer E-beam Evaporator) as the working 

electrode (0.3 cm2 active area). The glass slide is carefully washed before the evaporation 

to enhance adhesion and decrease imaging background. A narrow strip of carbon paper 

(Fuel Cell Store, 0.6 cm2 active area) is used as the counter and reference electrode. A 

24×12 mm cover glass (Gold Seal) is fixed on top of electrolytes by vacuum grease (Dow 

Corning), leaving openings for electrolyte injection by capillary effect. The electrolyte used 

is a water solution of 72 mM MEPBr, 108 mM ZnBr2 and 0.5 M ZnSO4 (all from Sigma 

Aldrich). The cell is finally sealed with vacuum grease, and the ends of both electrodes are 

covered with copper tapes to avoid being destroyed by clamps during testing.  

3.2.2 Graphene cells 
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For the cells with graphene, 1 mg graphene powder (Carbonene Co. Ltd) is added 

into 5 mL ethanol and is probe-sonicated for 5 minutes and diluted 100 times, then dropped 

onto the Pt surface before cell fabrication.  

3.2.3 Chemical synthesis of MEPBr polybromides  

Synthesis of MEPBr2n+1 (n= 1, 2, 3, 4) droplets is based on Equations 3.2 and 3.3 

below. x is equal to 1, 3, 5 to 7 for n = 1, 2, 3 and 4.  

                  NaBrO3 + xMEPBr + 6H+ ŕ 0.5(x+1)Br2 + 3H2O                             3.2 

                              Br- + nBr2 ŕ Br(2n+1)
-                                                               3.3 

3.2.4 In operando light microscopy and electrochemistry 

The planar glass cells are probed using a Leica DMC2700 microscope with 

reflected dark-field illumination. Most of the images are captured through an air-immersion 

objective (Leica N PLAN L 50X 0.50 BD). The spatial resolution of the microscope is ~ 

500 nm. The images are taken with 4 fps and an exposure time of 20 ms. All the in operando 

experiments are performed at room temperature and ambient pressure. The galvanostatic 

cycling tests (GCPL) are conducted with Bio-Logic SP-200, the current applied are 20 µA, 

200 µA and 1 mA. The recorded voltages are between -0.1 and 3 V.  

3.2.5 Raman spectroscopy 

The droplets formed on Pt are characterized with Renishaw Qontor InVia 

Dispersive Raman Spectrometer, with a 488 excitation, an air-immersion objective (50x, 

Long Working Distance, Olympus) and an exposure time of 10 s. 
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3.2.6 Density functional theory calculations 

Density functional theory (DFT) calculations are performed in the Vienna ab initio 

Simulation Package (VASP).  We use the PBE-D3 approach for accounting for exchange 

and correlation effects, consisting of the generalized gradient approximation of Perdew, 

Burke, and Ernzerhof (PBE) with the third version of the DFT-D dispersion correction (D3).  

All calculations are performed using projector-augmented wave pseudopotentials.  All 

calculations are performed in a box with fully periodic boundary conditions and an edge 

length of 20 Å for each side of the box (a volume of 8000 A45).  Forces between ions are 

converged to be less than 0.01 eV/Å and a planewave basis set cutoff energy of 600 eV 

with Brillouin Zone sampling at the ũ point. The DFT calculation includes only the 

bromine-bromide ions. 

3.3 Results and Discussion 

A small oxidizing current (20 µA, 0.066 mA/cm2) was applied to generate sparsely 

distributed individual polybromide products for easy tracing (Figure 3.1 b and Video 3.1). 

The video was recorded at 4 frames per second. As shown in the circle in Figure 3.1 b (i), 

we introduced a small defect on the surface to make sure the sample was in focus all the 

time. At 5 minutes, yellow spherical microstructures of 2 ï 3 µm evolved directly on the 

Pt surface and grow to approximately 10 µm at the end of the charge period. The voltage 

continued to rise and plateaued at around 2 V during the charge process. When the 

neighboring products approached others, they merged into one product with a larger size 

to reduce surface energy (Figure 3.1 c). An important characteristic of liquids that differs 

from solids is their rapid deformation; the rapid (< 1 second) merging of several small 
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droplets and shape relaxation of the merged droplets indicates the microstructures are 

liquid droplets.  

When the current was reversed (discharge process, Figure 3.1 d, Video 3.1), liquid 

droplets were reduced to Br-, and decreased in volume. The volume reduction followed an 

anisotropic pattern: the droplets maintained their lateral dimension and decreased in 

thickness. They gradually became transparent (Figure 3.1 d (iii) ) before disappearing. The 

disappearing pattern is attributed to the strong interaction between the polybromide 

droplets and Pt metal surface (Figure 3.1 e), we hypothesize that the interaction is due to 

adsorption.46-50 Br signal was detected using time-of-flight secondary ion mass 

spectrometry (TOF-SIMS) after charging and washing away the droplets with DI water to 

support the hypothesis (Figure 3.3).  
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Figure 3.3. TOF-SIMS surface analysis on Br signal showing that (a) Plain Pt surface has 

one magnitude lower Br signal lower than that of (b) Pt surface after charging and washing 

away the droplets, indicating that there is a strong interaction between Pt surface and the 

polybromide droplets. Notice that since TOF-SIMS is a sensitive surface analysis tool so 

it is reasonable that even for plain Pt surface there is a trace amount of Br, and it may 

attribute to Br exposure during the experiment.    
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The corresponding voltage profile for the first full cycle (charge and discharge) at 

20 µA (0.066 mA/cm2) is shown in Figure 3.1 f. We intentionally used a carbon electrode 

because the Zn anode did not lead to successful visualization: electrochemically generated 

Br2 crosses over and reacts with Zn, which delays the appearance of phase-separated 

polybromide droplets (Figure 3.4, Video 3.2 and 3.3 with Zn foils as the counter 

electrodes). Although oxygen evolution happened on the carbon electrode during discharge, 

indicated by the 0 V plateau, it did not affect the visualization of the Br cathode. The 

appearance of yellow droplets is an indication of phase-separated polybromide formation. 

  

Figure 3.4. Voltage profile for Supplementary Video 3.2 and 3.3. Video 3.2 records the 

first charge and discharge processes. Video 3.3 records the second charge of the same cell 

with an increase of current from 20 µA to 200 µA, and the voltage reaches the limit. The 

moment when the current is increased is labeled in the video. 

 

To the best of our knowledge, this is the first time that electrochemical formation 

of liquid polybromide has been dynamically visualized with high spatial resolution; our 

result provides direct evidence that the charge product is liquid, not solid, and that the 

droplets have a strong interaction with the Pt surface. Note that the experiments were 
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conducted at room temperature, heating by the probing light was also negligible because 

the infrared light was filtered, and the liquid electrolyte dissipates heat efficiently.51 An 

image of the charge products under bright field is shown in Figure 3.5; the droplets have 

a similar color but a much lower contrast to the background than those in dark field. We 

also charged the cell in the absence of MEPBr, and observed no phase-separated product 

(Figure 3.6 and Video 3.4), indicating the formation of only soluble Br2. 

 

 

Figure 3.5. A bright field optical image (50x) of a glass cell during charging. 
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Figure 3.6. Time-lapse dark-field optical microscopy images of a planar cell with 108 mM 

ZnBr2 electrolyte (without complexing agents) held at 2 V (vs. Zn2+/Zn) for 30 minutes, 

showing no formation of phase-separated polybromides.  

 

A ñresidual effectò was discovered when the cell was cycled multiple times. The 

comparison between the first and second charge cycles at the same current (20 µA, 0.066 

mA/cm2) is shown in Figure 3.7 a and Video 3.5. The droplets formed at the beginning of 

the second charge period nucleated at the same locations as in the first charge process, 

showing the residual effect. The two groups of droplets circled by white circles formed in 

the same pattern. We hypothesize that there is a residual product on the Pt surface after one 

cycle so the polybromides nucleate at the old locations preferentially. 
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Figure 3.7. (a) (i-iii) In operando time-lapse images of charging the planar cell at 20 µA 

under DFLM in the first cycle. (iv-vi) Images at the same location during charging in the 

second cycle. The white arrow inside (v) indicates the emerging of a droplet at a new 

location. The white circles in images iv-vi indicate the ñresidualò effect of droplets forming 

at the same locations between cycles. (b) Time-lapse images of microdroplets disappearing 

upon resting (no current). (c) Comparison of droplets formed with low (i) and high (ii) 

charging currents charging to the same capacity (0.002 mAh). Low current produces sparse 

and large droplets, while high current produces dense and small droplets. 

 

A spontaneous dissolution (self-discharge) process was visualized when resting a 

charged cell without applying any current. As shown in Figure 3.7 b and Video 3.6, the 

resting polybromide droplets gradually became thin and transparent, and then completely 

faded away (similar phenomena as in the discharge process, yet on a much longer 

timescale). The time taken for the spontaneous dissolution process is proportional to the 
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charged capacity. It indicates that a trace amount of Br2 still existed in the aqueous phase. 

As this dissolved Br2 reached the Zn side and reacted, more phase-separated polybromide 

dissolved to supplement the reacted Br2 in the electrolyte. The self-discharge decreases 

Coulombic efficiency of the Zn-Br battery. Complexing agents that bind strongly to 

polybromides could potentially suppress self-discharge.52 

The formation, size, and reaction rate of the polybromide droplets can be well-

controlled by current. Under 20 µA (0.066 mA/cm2), fewer droplets evolved at 4 minutes, 

and then grew to larger diameters of 5 ï 10 µm at 19 minutes. The droplets were spatially 

separated (Figure 3.7 c (i) and Video 3.1). Under a large current (1 mA, 3.33 mA/cm2), 

the nucleation started rapidly once the current was applied, and the droplets of 2 ï 3 µm 

covered the entire field-of-view in several seconds as shown in Figure 3.7 c (ii)  and Video 

3.7. The nucleation rate is proportional, and the nucleation radius is inversely proportional 

to the overpotential, a quantitative analysis of the relationship between overpotential and 

droplet radius at different currents is shown in Figure 3.8 a-b.53,54 Droplet formation at 

high current with a lower magnification is shown in Figure 3.8 c.  
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Figure 3.8. (a) Optical images of polybromide droplets at different overpotentials with a 

fixed charge capacity of 0.002 mAh. (b) Polybromide droplet radius vs. overpotential 

analysis, the radius is estimated from (c) A low-magnification (50x) bright-field optical 

microscopy image on the Pt electrode surface during charging (300 µA). Polybromide 

products cover the entire electrode. 

 

Other conductive substrates were tested to verify if the formation of liquid droplets 

is substrate dependent. Porous graphene particles (Figure 3.9) were added onto the Pt 

surface, and the formation of droplets on this hybrid substrate was monitored.  

 

Figure 3.9. SEM images of the porous few-layer graphene powders used in the experiment. 
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The droplets first formed on the Pt surface and were then absorbed into the 

graphene particles, indicating that Br2 has a higher affinity for carbon55 (Figure 3.10) and 

Video 3.8). The droplets form on Pt first because of the lower impedance of electron 

transfer at electrolyte-electron interface for Pt compared to other metallic and non-metallic 

electrodes (exchange current density of 1 mA/cm2, 15 times higher than graphene29,56). 

Nickel was also tested, and at 20 µA (0.066 mA/cm2) no droplets were formed. At 1 mA 

(3.33 mA/cm2) liquid droplets could be obtained on the surface, but at the same time Ni 

was oxidized and detached from the glass slide with high overpotential (Figure 3.11 and 

Video 3.9). The result indicates that the formation of MEPBr polybromides is generic and 

not substrate-dependent, but Pt is more suitable for MEPBr polybromide formation with 

fast kinetics and chemical stability. 
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Figure 3.10. (a) Bright-field optical microscopy image of few-layer graphene on Pt surface. 

(b) Dark-field image of the area being probed before charging. The area surrounded by red 

dashed lines is covered by graphene. (c-f) In operando time-lapse images showing the 

formation of polybromide droplets during charging, and their rapid absorption into the 

graphene once they touch. The green and light blue arrows indicate the absorption of two 

different droplets into the graphene. 
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Figure 3.11. (a) Dark-field optical microscopy image of a cell with Ni electrode charged 

at 20 µA. No phase-separated polybromide droplets are visible. (b) After increasing the 

current to 1 mA, droplets start to cover the entire Ni surface. (c) The wrinkling of Ni foil 

reacting with Br2 at above 2 V when charging at 1 mA, the entire Ni surface is covered by 

polybromide droplets, the Ni substrate starts to detach. (d) The wrinkling of Ni foil reacting 

with Br2 at above 2 V when charging at 1 mA, the entire Ni surface is covered by 

polybromide droplets, the Ni substrate continues to detach. 

 

In situ Raman spectroscopy was conducted to analyze the chemical identity of 

individual droplets formed electrochemically. The spectrum of electrochemically formed 

MEPBr2n+1 showed a small peak at 166 cm-1 and an intense Raman peak at 264 cm-1 

(Figure 3.12 a). The peak at 166 cm-1 has been previously analyzed to be the symmetrical 

stretching mode ɜ1 of Br3
-.35,57 Also, polybromide tetrabutylammonium tribromide 
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(But4NBr3) from the commercial source has a single peak at 170 cm-1 (Figure 3.12 a), so 

it can be concluded that electrochemically formed MEPBr polybromide contains only a 

small amount of Br3
-. The Br3

- peak of But4NBr3 is slightly shifted to higher wavenumber 

compared to MEPBr3 due to stronger bonding of the cation. The 264 cm-1 peak is attributed 

to the total symmetrical stretching mode of Br5
-.35  

 

Figure 3.12. (a) Raman spectra of electrochemically formed droplet (in situ), chemically 

formed droplet of MEPBr5, commercially available But4NBr3 and blank Pt surface 

immersed in electrolyte. (b) Heat of formation of each polybromide from Br3
- to Br13

- from 

DFT calculations. (c) Simulation of the most stable Br3
- to Br7

- polybromide structures in 

vacuum by DFT. (d) Mechanism of electrochemical formation of MEPBr5 on Pt surface. 
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We chemically prepared MEPBr5 according to a previously reported method used 

to synthesize But4NBrx 
58,59 (Figures 3.13 and Figure 3.14) and its Raman spectroscopy 

matches the peak positions of electrochemically generated polybromide droplets (Figure 

3.12 a), a magnification of the 164 and 166 cm-1 peaks is shown as Figure 3.15.   

 

Figure 3.13. (a) Attempted synthesis of MEPBr2n+1 (n= 1, 2, 3, and 4) by chemically 

reacting stoichiometric MEPBr, BrO3
-, and H+. (b) Separated products after reaction. 

 

 

Figure 3.14. (a) Chemically synthesized MEPBr5 dropped on a glass slide. (b) A cover 

glass was placed on the droplet to flatten it for Raman spectroscopy. 
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Figure 3.15. A magnification of the 164 and 166 cm-1 for electrochemically and chemically 

formed MEPBr5 in Figure 3.12 a.  

 

Raman spectra of higher order of polybromides (MEPBr7 and MEPBr9) were also 

tested, but their Raman spectra do not show a difference from MEPBr5 (Figure 3.16), 

preventing conclusive identification using this method. We also noticed that as the Raman 

power intensity increases, the Br5
- peak started to decrease (Figure 3.17), which on one 

hand indicates higher-order polybromides are less stable and less likely to form, on the 

other hand, highlights the importance of using mild probes (e.g. visible light) rather than 

high-energy probes (e.g. electron and X-ray) to carry out in operando study of sensitive 

polybromides. 
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Figure 3.16. Raman spectra for chemically synthesized MEPBr2n+1 (n= 1, 2, 3, 4) droplets 

compared to the electrochemically formed droplets (in situ). 

 

Figure 3.17. Raman spectra of chemically synthesized MEPBr5 acquired at different laser 

power. Notice that as Raman laser power increases, the Br5
- peak intensity decreases. 

 

To further analyze the thermodynamics of polybromides and explain the Raman 

results above that MEPBr5 is the dominant polybromide to form electrochemically, density 

functional theory (DFT) calculations45,60ï64 were carried out to compare the heat of 
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formation of polybromides. A generic model of polybromide formation suggests the 

successive additions of Lewis donor Br2 molecules to a Lewis acceptor bromide ion.65 Br3
- 

has a linear structure containing a Br2 molecule and a Br- ion, while Br5
- shows a bent-

shape with a central bromide that coordinates two Br2 molecules. The heat of formation for 

polybromides reaches a plateau for Br7
- and higher-order polybromides, suggesting that the 

formation of higher-order polybromides (Br7
- and Br9

-) is energetically unfavorable 

(Figure 3.12 b). As for why Br3
- is not the dominant polybromide to form, we hypothesize 

that less symmetric cations promote the formation of higher-order polybromide anions. 

Most QBrs have highly asymmetric molecular structures compared to typical salts such as 

NaCl, which is evident from their relatively low melting point (For example, But4NBr3, 

71~76 °C).66  

 

 

Figure 3.18. (a) The symmetric structure of the But4N
+ structure. (b) The asymmetric 

structure of the MEP+ ring structure.  
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Figure 3.19. DFT calculation of Br5
- anion energy relative to Br3

-, indicating that the bent 

linear chain is the minimum-energy configuration. 
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Figure 3.20. DFT calculation of Br7
- anion energy relative to Br5

-, indicating that the zigzag 

linear chain is the minimum-energy configuration. 
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Compared to But4N
+ which still has a certain symmetry, MEP+ has an asymmetric 

ring structure (Figure 3.18) and promotes the formation of Br5
- beyond Br3

- (Figure 3.12 

c, Figures 3.19 and 3.20). We expect that with even less symmetric and bulkier cations 

than MEP+, Br7
- could possibly form. 

The above morphological and chemical analysis lead to the schematic of 

electrochemical polybromide formation in Figure 3.12 d. The corresponding reactions are 

shown in Equations 3.4, 3.5 and 3.6. During the charging process, Br- is oxidized to Br5
- 

then forms yellow MEPBr5 droplets on the Pt surface. As the reaction proceeds, more Br5
- 

are formed, and the size of the droplets increases but higher-order polybromides are not 

likely to form due to the diminished energy gain. 

                              2Br-ī 2e-     ᵶ    Br2 
                                                             3.4 

                              Br- + 2Br2    ᵶ    Br5
-                                                            3.5 

                           MEP+ + Br5
-   ᵶ    MEPBr5                                                   3.6 

Side reactions such as solid formation upon charging at high voltage has been 

analyzed and concluded to be detrimental to the battery performance in both sulfur-based 

(formation of insoluble S4
-, S6

- and S8
-) and zinc-iodide (formation of I2) flow battery 

system.[5,67]The side reaction in ZBFB is visualized using ours in operando imaging 

platform. When the charging voltage increased above 2.3 V at a constant current of 1 mA, 

polybromide droplets start to shrink in size and disappear (Figure 3.21 and Video 3.10). 

We hypothesize that polybromides are further oxidized to soluble HBrO,68,69 as shown in 

Equation 3.7. 
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Figure 3.21. Time-lapse images of the shrinking and disappearing behavior of 

polybromide droplets when the cell is overcharged (the voltage exceeds 2.3 V at a constant 

current at 1 mA). The phase-separated polybromide droplets were further oxidized to 

soluble HBrO.  

 

                 Br-
(aq)

 ī 2 e- + 2H2O(l)     Ÿ    HBrO(aq) + H3O
+

(aq)                          3.7 

Over-charging to HBrO will return phase-separated bromine species back into the 

electrolyte and promote self-discharge. Also, cathode current collectors could be damaged 

due to oxidation. The above results provide direct evidence that avoiding overcharging is 

critical to maintain a high performance for ZBFBs. 



 82 

Figure 3.22. (a) The cycling performance using a current of 20 µA at 1.8 V for the glass 

cell for 5 minutes charge/discharge still maintains an efficiency >70% after 100 cycles. (b) 

The voltage profile of the first cycle.  

 

Note that although the glass battery does not have a membrane or flow function, 

we can successfully operate the battery at 0.066 mA/cm2 for >100 cycles at >70% 

efficiency (Figure 3.22) with similar voltage profile compared to actual battery operations, 

the efficiency drop came from gas evolution as a side reaction and we will incorporate 

actual battery conditions in the future.  
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3.4 Conclusions 

In conclusion, in operando microscopic visualization of electrochemical formation 

and decomposition of polybromides on electrodes was successfully achieved. The 

visualization provides dynamic information, which provides diagnoses to electrochemical 

systems, verifies previous hypotheses, and unveils new knowledge. Specifically, using 

ZBFB as an example, we confirm the liquid nature of the polybromide product, reveal the 

pinning effect due to strong interaction with Pt, residual effect due to residual charge 

products, self-discharge, and overcharging-induced side reaction for the ZBFB system. We 

also determined via Raman spectroscopy and DFT calculation that the electrochemically 

formed droplets are mainly composted of MEPBr5. The obtained understandings could 

potentially inspire new idea toward battery chemistry and improve the design of ZBFBs. 

For example, complexing agents which have higher binding affinity for Br2 are predicted 

to promote formation of higher order polybromides. The in operando visualization platform 

we developed is easy to set up and can be adopted to analyze other electrochemical systems 

that are sensitive to vacuum, electron beam, or X-ray such as Li-S batteries.  
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 CHAPTER 4 HOLLOW FIBER BASED FLOW BATTERY 

GEOMETRY DESIGN WITH ULTRA -HIGH POWER DENSITY  

4.1 Introduction  

Renewable energy sources have the potential to out-weight unsustainable fossil 

fuels, and eventually lead a path to a zero-emission modern society.1 How to harvest, store 

then deliver energy sources such as wind, solar and biomass is crucial to match the 

enormous demand. Flow batteries decouple energy (concentration of electrolyte and 

storage container size) and power (the central electrochemical reaction device and how fast 

the energy is delivered), and have been demonstrated to serve gird scale energy conversion 

applications with a long battery life and high mobility. It has also been demonstrated 

recently that flow battery can be integrated into hand-sized devices.2-4  

Since the storage size and electrolyte concentration (energy) can be re-adjusted, and 

inspiring research progresses have been achieved for energy enhancement with advanced 

materials/chemistry, power density remains the bottle neck to flow batteries.5,6 Typical 

flow batteries have a power density around 40 ï 100 W/L compared to Li-ion batteries 

which have power densities > 500 W/L. High power-density flow batteries require a high 

electron transfer rate, a high transmembrane ion exchange rate and efficient electrolyte 

distribution, which relies on 1) high electrode surface area and 2) high membrane surface 

area packed within unit volume of battery device. Since there is a tradeoff between high 

energy and high power density for redox couple5, a battery engineering solution rather than 

fundamental science is necessary. 
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Figure 4.1. (a) The traditional flow battery design with cathode and anode separated by a 

flat-sheet membrane in the middle, flow distributor parts are necessary to avoid void space. 

Also, the limited surface area of the membrane prevents the flow battery to have a higher 

power density. (b) Detailed schematic of the traditional flow battery set up.  
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The conventional flat-sheet membrane design battery assembly has become a 

limiting factor for the development of next-generation flow batteries. To achieve a high 

electrode surface area, a general strategy is to use 3D-structured electrodes such as carbon 

felt, but additional void spaces are created because electrolyte cannot be efficiently 

transferred to the entire electrode surface. Specially designed flow distributors, namely 

bipolar plates and flow field are used to pair with 3D electrolytes to solve the problem, yet 

the distributors account for a major part of the capital cost (ref 40% cost) and increase the 

device volume (1 ï 20 mm thick)7,8 compared to electrode thickness < 5 mm,9 creating 

additional barrier to volumetric power density improvement. On the other hand, the surface 

area of a flat-sheet membrane cannot match the greatly enhanced electrode surface area, 

leaving ion transfer rate the limiting factor for a high power density flow battery. And 

unfortunately for a flat-sheet membrane there is no effective method to increase the surface 

area like the electrode (Figure 4.1).  
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Figure 4.2. (a) The hollow fiber based flow battery design, the electrodes are in a tubular 

shaped device and separated by hollow fiber ion-exchange membranes. Device volume is 

drastically decreased by removing the extra parts and the hollow fiber serves as a 

distributor itself, increasing the power density. (b) Detailed schematic of hollow fiber based 

flow battery set up. 

 

In the classic separation industry, hollow fiber membrane has been viewed as a 

high-throughput alternative to flat sheet membrane. This highly scalable membrane 

configuration has been proven effective at reducing the membrane device footprint and 

promoting cross-membrane mass transfer in a variety of separation processes such as 

olefin/paraffin separations, organic solvent separations, and water desalination. Typical 
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hollow fiber membrane modules provide around 8000 m2 surface area per 1 m3 module, 8 

times higher compared to traditional flat-sheet membrane modules. Second, the cylindrical 

membrane geometry compensates the transmembrane pressure via the compression of 

membrane materials, which allows continuous operation under pressurized condition 

without additional supporting materials. 

Inspired by that, we present an alternative hollow fiber membrane based design to 

eliminate the intrinsic limit from the flat-sheet membrane design to achieve a breakthrough 

in power density for flow batteries (Figure 4.2).  Analogous to a heat exchanger, 

electrolytes pass through the device from bore and shell sides and are separated by the 

hollow fiber ion-exchange membrane while the electrodes extend out from the center. First, 

the membrane surface-area-to-volume ratio is increased to match that of electrode surface 

area, so the membrane no longer limits the ion transfer. Second, the hollow fiber itself 

serves as the electrolyte distributor without any other supporting materials, avoiding void 

spaces and the use of extra distribution apparatus to increase volumetric power density. All 

the materials used to fabricate the hollow fiber based flow battery in this work is used as-

received, without any modification or pre-treatment to ensure scalability and every step of 

the fabrication procedure can be directly scaled up to industrial standard.  

4.2 Experiments and Methods 

All materials are used as received without any pretreatment or modification. 

4.2.1 Hollow fiber based flow battery assembly 
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Each Zn/I2 battery module consists of 3 compression tube fitting (1/8ò, McMaster-

Carr) connected by PTFE (0.095ò ID, McMaster-Carr). A 12 cm zinc wire (0.25 mm, 

GoodfellowUSA) is inserted into the tube fitting as the anode on the shell side. On the bore 

side, 0.2g carbon fiber (Fibre Glast) are inserted into 4 Nafion hollow fiber membranes 

(0.03ò OD, Perma Pure) as the cathode and serves as the bore side. Connection sections 

are sealed with Epoxy (J-B Weld) to prevent leaking and shell and bore side electrolyte 

from mixing. 5 cm * 10 cm copper foils (Alfa Asear) are attached to the end of the 

electrodes to serve as current collectors and silver paste (MTI Corp) is applied to the 

junctions. For organic and vanadium battery modules, two Nafion hollow fiber membranes 

are inserted and a 12 cm titanium wire (0.25 mm, GoodfellowUSA) is used as the anode.  

4.2.2 Electrochemical test 

Electrochemical tests are carried out with Bio-Logic SP-200 and the electrolyte is 

cycled with Peristaltic pumps (Cole-Parmer) at 20 mL/min. 2 M of Zn/I2 electrolyte is 

prepared by dissolving the corresponding amount of ZnI2 (Ó 98%, Sigma-Aldrich) into 

deionized water, the electrolyte volume for both anode and cathode sides are 8 mL for the 

state of charge tests and 5 mL for the cathode side for cycling. For the SOC tests, the lower 

cut-off voltage is 0.25 V and the higher cut-off voltage is 2 V. For the cycling test, the cut-

off voltage is 1.65 V, 75% and 50% total capacity based on catholyte are used with a current 

density of 136.4 mA/cm3
device and 181.8 mA/cm3

device. 

Electrochemical Impedance Spectroscopy test is performed with a frequency range 

of 100 kHz to 10 mHz is chosen with a voltage amplitude of 10 mV. The EIS is also 

performed on an H-cell containing 8 mL electrolyte on each side with carbon fiber 
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electrode (0.3 cm diameter * 5 cm length) and 2 cm2 Nafion 117 flat-sheet membrane (Fuel 

Cell Store) as a comparison to the hollow fiber based battery.  

2M Zn/Br2 electrolyte is prepared by dissolving the corresponding amount of 

Zn/Br2 (Ó 98%, Sigma-Aldrich) into deionized water and 8 mL electrolyte is used, the 

current density is 45.45 mA/cm3
device for the pre-charge period and 4.55mA/cm3

device for 

the cycling period.  

For organic quinone/Br2 electrolyte, 1 M 9,10-anthraquinone-2,7-disulphonic acid 

(AQDS) is dissolved in 1 M sulfuric acid (ACS reagent, 95.0 - 98.0%, Sigma-Aldrich)5 for 

the anode side and 2 M hydrobromic acid (ACS reagent, 48%, Sigma-Aldrich) for the 

cathode side. The electrolyte volume is 8 mL for each side. 0.05 M of Vanadyl sulfate in 1 

M sulfuric acid is used for both sides of the vanadium electrolyte.7 

4.2.3 Theory and calculations  

We propose a reference geometric named active volume for volumetric power 

density comparison, that is, the effective volume necessary for a flow battery to achieve its 

ascribed performance. Simply using electrode area multiplied by the necessary thickness 

of the device since battery parts such as flow distributor or battery case are indispensable 

for the flow battery to overcome pressure and transport issues. The flow battery 

performance of our device is reported in the unit of per Ldevice or cm3
device and the 

comparison data from other references are converted to the same unit solely based on the 

information provided in the reference. 
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For the power density, information from other articles are recalculated using the 

active volume (the effective electrode area multiplied by the necessary thickness of the 

device to maintain its performance) based on the device information provided and the unit 

is converted to W/Ldevice. The active volume for the device used in this work is 0.00022 L. 

Impedance is normalized by multiplying the corresponding active volume. Theoretical 

capacity is calculated based on the cathode side electrolyte for deep cycling performance 

and for the long duration test, 1.25% capacity of the Zn wire anode is used.   

4.2.4 Simulation 

The steady-state current generation in flow batteries with new and conventional 

geometries are simulated using COMSOL Multiphysics. The conventional geometry 

consists of two porous electrodes and an ion-exchange membrane in between. For the new 

geometry, porous positive electrodes inside the hollow fiber membrane and wire negative 

electrodes are arranged into an 80 * 6 array. The total cell height, width, and thickness of 

the two geometries are kept the same at 6 cm, 6.56 cm, and 4.92 mm. Tertiary and 

secondary current distribution modules are built to solve for electrolytes and the ion-

exchange membrane, respectively. To confirm the validity of the simulation, a model is 

also built for the experimental cell in this work. 

4.2.5 Cost summary 

The cost for each separate flow battery part to fabricate a single Zn/I2 4 Nafion 

membrane flow battery module is calculated and summed based on their unit price.  
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4.3 Results and discussion 

Figure 4.3. (a) On top is a picture of the Zn/I2 module fabrication for electrochemical 

performance tests, the highlighted section is a schematic of the set up and electrochemical 

reaction of the flow battery during charging. (b) SEM image of the hollow fiber based flow 

battery device. (c) Experimental set up of the hollow fiber based flow battery. 

 

We use zinc iodide (Zn/I2) redox flow battery as a demonstration because of its 

relatively high energy density and low material cost.10-12 Also, the fast reaction kinetics of 

Zn/I2 makes it possible for the system to be operated under room temperature while no inert 

gas purge or complexing agent is required, unlike other common redox couples such as 

vanadium or bromine based.5,6 Carbon fiber electrodes are inserted into thin Nafion hollow 

fibers (0.03ò OD) to serve as the cathode and the bore side for the iodide side reaction, and 

a zinc wire is inserted into the plastic shell side and serves as the anode (Figure 4.3 a), two 

copper foils are attached to the end of the electrodes as current collectors. Multiple Nafion 

hollow fibers are used to maintain a moderate pressure drop on the bore side. Figure 4.3 b 

shows the scanning electron microscope (SEM) of the cross section of flow battery and 
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Figure 4.3 c is the experimental setup and the central electrochemical device is of 5 cm 

long. Additional SEM image of the flow battery cross section is shown in Figure 4.4. 

 

 

Figure 4.4. SEM image of the hollow fiber based flow battery cross section.  

 

The performance evaluation method based on electrode surface area or based on 

electrolyte volume for flow batteries would lead to incomparable results based on our 

knowledge. Usually only the surface of the porous electrode is accounted instead of the 

BrunauerïEmmettïTeller (BET) surface area thus the power density is significantly 

higher, especially for treated carbon electrodes. And this method does not represent the 

volumetric power density of the device. There lies uncertainty in using electrolyte volume 

as a reference because the volume used depends on the battery geometry and experimental 

purpose. On the other hand, using device volume as a reference would underestimate flow 
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battery performance in most circumstances, since to achieve high-performance flow 

batteries usually operated under pressure, a thick case and robust battery frame is 

necessary.  

Figure 4.5 a shows the battery performance at different state of charges (SOC), as 

the state of charge increases, the open circuit potential increases from 1.21 V to 1.27 V, in 

the range of typical Zn/I2 redox couple. The maximum charging power density reaches 

814.1 W/Ldevice and the maximum discharging power density reaches 220 W/Ldevice at a 

current density of 454.5 mA/cm3device. We compare the unit-converted maximum charge 

and discharge power density to 44 research article5,13-57 using various redox couples in 

Figure 4.5 b. Parameters and calculation  are summarized in Table 4.1.  
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Figure 4.5. (a) Battery performance test at 5 different state of charges, to note that the unit 

is W/cm3
device instead of W/Ldevice for diagram simplicity, the inset shows the open circuit 

potential change along with the state of charge. (b) The comparison of maximum charge 

power density vs. maximum discharge power density of varies flow batteries from high 

impact peer-reviewed references compared to this work. Note that for every data point the 

volumetric power density is recalculated based solely on the information provided from 

the articles and detailed calculation is documented in the method section, the inset shows 

a zoomed in view of references with power density less than 40/50 W/Ldevice.
5,13-57  


