DESIGN PRINCIPLES AND MODELLING OF
MICROTUBULAR ELECTROCHEMICAL REACTORS: THE CASE
OF AFLOW BATTERY

A Dissertation
Presented to
The Academic Faculty

by

Alexandros Filippas

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy in the
School of Chemical and Biomolecular Engineering

Georgia Institute of Technology
December 2024

COPYRIGHT © 2024 BY ALEXANDROS FILIPPAS



DESIGN PRINCIPLES AND MODELLING OF
MICROTUBULAR ELECTROCHEMICAL REACTORS: THE CASE
OF AFLOW BATTERY

Approved by:

Dr. Nian Liu, Advisor

School of Chemical and
Biomolecular Engineering
Georgia Institute of Technology

Dr. Thomas Fuller

School of Chemical and
Biomolecular Engineering
Georgia Institute of Technology

Dr. Ryan Lively

School of Chemical and
Biomolecular Engineering
Georgia Institute of Technology

Dr. Carsten Sievers

School of Chemical and
Biomolecular Engineering
Georgia Institute of Technology

Dr. Marta Hatzell

School of Mechanical
Engineering

Georgia Institute of Technology

Dr. Brian Berland
Stryten Energy

Date Approved: December 3,

2024



This thesis is dedicated to my brother and my family



ACKNOWLEDGEMENTS

First and foremost, | would like to thank Professor Nian Liu for his guidance and
support throughout my PhD journey. The academic and non-academic lessons I learnt from
him along with his patience and understanding of my needs and challenges have been
instrumental in helping me reach the finish line. | am also grateful to Professor Thomas
Fuller for his insightful feedback and direct guidance, which have been crucial to the
development of my work. Special thanks to Dr. Brian Berland whose thought-provoking
questions triggered much of the work presented in this thesis. | would also like to thank my
Thesis Committee members, Professor Ryan Lively, Marta Hatzell, Carsten Sievers, for
their constructive advice and encouragement over the course of my PhD. My appreciation
extends to Nick Gomez and Nidhi Menon for all the technical advice and resources they

offered.

| would also like to thank our current lab’s group members since they made my
work environment a nice and friendly place to be; Karam who became a close friend,
Lotanna for working with me and offering her help whenever needed, Zhitao for his
assistance in the lab. Special thanks to my first lab mate Yutong Wu, now a Professor in
Nanjing Tech University, who mentored me in my first semester in the lab and shared his

knowledge and expertise on microtubular flow batteries.

Beyond the lab, I met many people in Atlanta for whom | would like to say a few
words. My first roommate, Minas, was someone | barely knew when we moved in together
and we became close friends by the time he moved out. As a senior Ph.D. student in

Atlanta, he taught me many things, from the PhD itself to where I can find the best wings



in the city. Markos, my second roommate, dear friend, and an example of how you can be
laid-back and driven at the same time. Harini and the coffee breaks, Hector the liaison,
Elisavet, George, Myrto and many others who | will miss-though not every name appears

here, to keep this acknowledgement from becoming a thesis of its own.

Outside the university, | would like to thank my brother and my parents for their
support. I cannot imagine how difficult it must have been for them when their child moved
six thousand miles away. To Nickos and lasonas, in happiness and despair, in ecstasy and
stillness, through the dusk and through the dawn, | have never felt alone. And finally,
Dafni-the person who held my hand across an ocean, always reminding me the power of

faith.

Finally, I would like to acknowledge Stryten Energy for funding this work, along
with the Onassis and Bodossakis fellowships for the additional support they provided me

throughout my PhD.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS iv
LIST OF TABLES Viii
LIST OF FIGURES iX
LIST OF SYMBOLS Xiv
SUMMARY XVili
CHAPTER 1. Introduction 1
1.1 General Background 1
1.2 Basics of Electrochemical Flow Reactors 1
1.3  Tubular Flow Reactors 4
1.4 Redox Flow Batteries 6
1.5 Research Problem and Hypothesis 7
1.6  Significance and Contribution of the Study 8
1.7  Thesis Outline 9
CHAPTER 2. Effect of Electrode Porosity and Configuration on Ohmic
Losses of Tubular Flow Batteries 11
2.1 Introduction 11
2.2  Methods 11
2.2.1  Materials 11
2.2.2  Flow Cells 12
2.2.3  Electrochemical Characterization 14
2.2.4  Numerical Simulations 14
2.3 Results and Discussion 15
2.3.1  Overview 15
2.3.2  Preliminary Results 16
2.3.3  Ohmic Resistance Analysis 17
2.3.4  Electrode Resistance 18
2.3.5  Electrolyte and Separator Resistance 20
2.3.6  Evaluation of Electrode Configurations 23
2.3.7  Scalability 29
2.4  Conclusions 30
CHAPTER 3. An Analytical Model for Tubular Flow Reactors 31
3.1 Introduction 31
3.2 Model Development 32
3.2.1  Linear Kinetics Formulation 35
3.2.2  Tafel Kinetics Formulation 41
3.3 Results and Discussion 44

3.3.1  Current and Current Density Distribution along the Reactor Length 44

Vi



3.3.2  Electrode Potential Distribution along the Reactor Length
3.3.3  Reactor Resistance and Area Specific Resistance
3.3.4  Porous Electrode Theory and Tubular Reactor Model Comparison
3.3.5  Limitations of the Model
3.4  Conclusions

CHAPTER 4. Enhanced Scalability in Microtubular Vanadium Flow
Batteries Via Copper Anodes
4.1 Introduction
4.2  Methods
4.2.1  Materials
4.2.2  Flow Cells
4.2.3  Electrochemical Characterization
4.3 Results
4.3.1  Anode Material Selection Process
4.3.2  Copper Anode and Graphite Anode VRFB Full-Cell Testing
4.3.3  Scalability Comparison of Half-Cell Symmetric Flow Batteries

4.3.4  Full-Cell Cycling Performance Comparison of Copper and Graphite

Anode 79

50
52
59
64
65

66
66
68
68
68
69
70
70
77
79

4.3.5  Microtubular Copper and Carbon Fiber-based Anode Full-Cell Testing

80
4.4  Conclusions

CHAPTER 5. Conclusions and Future Directions
5.1 Conclusions
5.2 Future Work
5.2.1  Anode Coulombic Efficiency Improvements
5.2.2  Cathode Electrode Design
5.2.3  Mass Transport Investigation

REFERENCES

vii

82

84
84
87
88
89
90

92



LIST OF TABLES

Table 2.1 — Parameters of the coaxial and non-coaxial flow cells used in the
experiments and the simulations.>°

Table 2.2 — Parameters used in the COMSOL simulations to evaluate current
density distribution, ASR, and VSR.

Table 3.1 — Parameters used when using the model equations to visualize trends
in the ASR of a tubular Vanadium Flow Battery as a case study. The values
depicted are typical values found in parallel plate VRFB studies in the literature.

Table 3.2 - Geometric parameters used in the COMSOL simulation and the
analytical solution to evaluate the deviation at high polarizations.

Table 4.1 — Parameters used in the estimation of the ASR of a 50 cm long
electrode.

viii

22

25

49

50

74



LIST OF FIGURES

Figure 1.1 — a. Undivided parallel plate reactor configuration, b. Undivided
coaxial electrode configuration, c. Divided parallel plate reactor configuration, d.
Divided coaxial electrode configuration, e. Flow-by configuration, f. Flow-
through configuration, g. Monopolar reactor connection, h. Bipolar reactor
connection.

Figure 1.2 — a. Coaxial microtubular reactor, b. Non-coaxial bundled
microtubular reactor, c. Surface are per unit volume of an array of tubular and
planar membranes.

Figure 1.3 —a. Redox Flow Battery (RFB) schematic b. Power unit schematic.*°

Figure 1.4 —a. U.S. storage capacity predictions, b. ESS grouped by power and
discharge time, c. Total installed cost comparison between VRFBs and Li-ion
NMC batteries, 154246

Figure 2.1 — a. Coaxial flow cell fabrication steps b. Picture of the coaxial flow
cell

Figure 2.2 —a. Porous carbon fiber-based electrodes typically used in VRFBs, b.
Carbon fiber bundle electrode used in Znl2 microtubular flow batteries.*6*°

Figure 2.3 — a. Schematic of the microtubular carbon VRFB with carbon fiber
electrodes, b. EIS spectrum and c. polarization curve of the carbon fiber-based
VRFB

Figure 2.4 — The components of the ohmic resistance in a tubular flow battery
showing the solid phase resistance from the electrode and the ionic resistance of
the electrolyte and the separator.

13

16

17

18



Figure 2.5 — a. Schematic of a flow battery with carbon fiber and carbon rod-
based electrodes, b. Cross-section are comparison, c. EIS spectra and d.
polarization curves of the two VRFBs.

Figure 2.6 - a. Schematic of the co-axial configuration b. Schematic of the non-
coaxial configuration with one outer electrode c. EIS of the co-axial and non-
coaxial configuration d. Primary current distribution of the two configurations
obtained in COMSOL e. ASR measured based on COMSOL’s primary current
distribution solution and the HFR obtained from EIS experimentally.

Figure 2.7 — a. A scaled-up coaxial configuration with a honeycomb-structured
outer electrode, b. A scaled-up quasi-coaxial configuration with wire/rod-shaped
outer electrodes

Figure 2.8 — a. Current density distribution for the coaxial configuration b.
Current density distribution for the quasi-coaxial configuration, c. The current
density distribution at the inner surface of the membrane as it changes with the
polar angle d. The current density distribution over the average current density at
the inner surface of the membrane as it changes with the polar angle.

Figure 2.9 — Schematic of the a. gap between the membrane and the outer coaxial
tubular electrode, b. gap between the membrane and the outer rod-shaped
electrode, c. half the thickness of the outer honeycombed-shaped electrode in the
coaxial configuration, d. the radius of the outer rod-shaped electrode in the quasi-
coaxial configuration. The variation of the ASR and the VSR as estimated form
the primary current distribution simulation versus, e., g. the gap between the outer
electrode and the membrane, f., h. half the thickness of the outer electrode.

Figure 2.10 — Schematics of the a. 5cm active length battery, b. 10 cm active
length battery. c. Polarization curve comparison, d. EIS spectra comparison, e.
HFR comparison

Figure 3.1 - Qualitative current distribution a) throughout the separator of the
parallel plate reactor b) along the separator of the tubular reactor.

Figure 3.2 - a) Schematic of a tubular reactor. b) Tubular reactor model geometry.

20

22

24

26

28

29

33



Figure 3.3 — Cross section of the tubular reactor and a sector showing the
resistances and the potentials in the radial direction

Figure 3.4 - Schematic of the Charge transfer resistance normalized by unit length
for the cylindrical geometry.

Figure 3.5 - a) Schematic of the current density distribution for a tubular flow
reactor. b) Schematic of the distribution of the current in the electrodes for a
tubular flow reactor. c¢) Current density distribution for different values of the
parameter v and for Kr=1. d) Current density distribution for different values of
the parameter Kr and for v=1. Distribution of the current in the electrodes for ¢)
Kr=1 and v=1, f) Kr=I and v=10, g) Kr=10 and v=10.

Figure 3.6 - Comparison of the normalized current distribution predicted by the
analytical model with linear kinetics and by COMSOL with Butler-Volmer
Kinetics a) at 1 mA cm-2 b) at 10 mA cm-2 ¢) at 1000 mA cm-2

Figure 3.7 - Inner (blue) and outer (red) electrode potential distribution a) Kr=1
and v=1, b) Kr=1 and v=10, ¢) Kr=10 and v=1.

Figure 3.8 - a) Changes in reactor geometry by changing interelectrode gap or
radius of inner electrode b) Minimum Area Specific Resistance variation with
interelectrode gap when radius of inner electrode equals to 0.1 mm c) Minimum
Area Specific Resistance variation with inner electrode radius when
interelectrode gap equals to 2 mm d) Minimum Area Specific Resistance
variation with interelectrode gap when radius of inner electrode equals to 1 mm
¢) Minimum Area Specific Resistance variation with inner electrode radius when
interelectrode gap equals to 1 mm

Figure 3.9 - a) Ratio of ASR to minimum ASR variation with v for different
values of Kr b) Total ASR variation with tubular reactor length for different inner
electrode materials and ASRmin=1, rs=1 mm, r1=0.5 mm. c) Total ASR variation
with tubular reactor length for Ti inner electrode with different radii and
interelectrode gap of d=0.5 mm. d) Total ASR variation with tubular reactor
length for Ti inner electrode with different interelectrode gaps and inner electrode
radius of r1=1 mm.

Xi

37

38

48

49

52

56

59



Figure 3.10 - a) Comparison of the ASR of the porous electrode model and
tubular reactor model. b) Dependence of dimensionless ASR of the porous
electrode model and of the tubular reactor model on the dimensionless parameter
V.

Figure 3.11 - a) Flow-by electrodes b) Flow-by (porous) electrodes c) Flow-
through (porous) electrodes

Figure 4.1 — a. The elements of the periodic table that are more conductive than
graphite b. The potential of the anode as the SOC changes (black line) and the
potential at 0.1% SOC (red line) c. The elements of the periodic table whose
standard reduction potential is above the potential at 0.1% SOC."*7374

Figure 4.2 - The percentage ASR increase from a infinitesimally short electrode
to a 50 cm electrode and the cost of the electrode material.”®

Figure 4.3 —a. Cyclic voltammograms of Cu wire and graphite rod in V3* solution
at 50 mV s in a wide potential range showing all possible reactions b. Cyclic
voltammograms of Cu wire and graphite rod at 25, 50, 75, and 100 mV s*
targeting the potential range that the anodic vanadium reaction occurs c. The peak
separation for the two samples at each scan rate plotted against the logarithm of
the scan rate.

Figure 4.4 — Schematics of a. the graphite-anode flow battery configuration and
b. the copper-anode flow battery c. EIS spectra and d. Polarization curves of the
VRFBs with Cu and the graphite anodes e. The polarization curve along with the
iR-free polarization curve f. Overpotential breakdown into ohmic and non-
ohmic(kinetic and mass transport) at 10 mA cm. The flowrates of the inner and
outer flow channel were 10 mL min™ and 25 mL min respectively.

Figure 4.5 —a. Schematic of the symmetric batteries b. Comparison of the ASR
increase over length for copper and graphite symmetric batteries.

Figure 4.6 — a. Full cell cycling data at 3 mA c¢cm-2 for two flow batteries, one
with copper anode and one with graphite anode b. Coulombic efficiency c.

xii

63

64

72

74

76

78

79

80



Voltage efficiency and d. Energy Efficiency comparison for the 2nd to the 6th
cycle

Figure 4.7 — Schematic of a microtubular VRFB with a. carbon fibers as anode b.
copper wire as anode c. EIS and d. polarization curve comparison of these two
batteries.

Figure 5.1 — a. Evolution of ASR over the design generations in this thesis b.
Comparison of the ASR of the final microtubular flow battery with a Cu-based
anode, the best tubular flow battery performance in the literature along with a
typical parallel plate flow battery ASR.1847

Figure 5.2 - Outline of completed and future work to be done.

Figure 5.3 — a. Schematic of slurry coated Cu wire b. Picture of a coated wire
inside a hollow fiber membrane. SEM picture of c. Bare wire d. Slurry coated
wire

Figure 5.4 — Increasing electrode surface area by using bundled wires.

Xiii

82

87

88

89

91



LIST OF SYMBOLS

Symbol  Description Units
Latin
a Specific interfacial area of the porous electrode cm?
a, Specific interfacial area of the inner electrode cm?
A Cross-sectional area of the inner electrode cm?
A, Cross-sectional area of the outer electrode cm?
Ap Geometric surface area of the porous electrode cm?
ASR Area Specific resistance of the tubular reactor Q cm?
ASR,.;,  Minimum ASR, when the length of the reactor approaches  Q cm?
zero
ASR, Area Specific resistance of the porous electrode Q cm?
F Faraday constant C mol?
iy Current density in the solid phase of the inner electrode mA cm
i, Current density in the solid phase of the outer electrode mA cm
In1 Current density due to the redox reaction on the inner mA cm?
electrode surface
In2 Current density due to the redox reaction on the outer mA cm?
electrode surface
i Current density in the separator mA cm
i1 Exchange current density of the reaction taking place on the mA cm?
inner electrode
io,2 Exchange current density of the reaction taking place on the mA cm?
outer electrode
i1 Electrolyte current density close to the inner electrode mA cm
ips Electrolyte current density close to the outer electrode mA cm

Xiv



L£]

o1

.0

Total current in the solid phase of the inner electrode

Total current in the solid phase of the outer electrode

Total current applied to the reactor

Dimensionless current in the solid phase of the outer electrode
Dimensionless ratio of conductivities of the outer and the

inner electrode
Dimensionless ratio of conductivities of the electrolyte and

the electrode in the porous electrode
Reactor length

Porous electrode thickness
Separator radius

Inner electrode radius

Outer electrode inner radius

Outer electrode outer radius
Universal gas constant

Porous electrode total resistance
Planar cell total resistance

Planar cell separator resistance
Tubular reactor total resistance
Charge-transfer resistance of the porous electrode normalized
by the interfacial area

Charge-transfer resistance of the inner electrode normalized
by the electrode surface area

Charge-transfer resistance of the outer electrode normalized
by the electrode surface area

Charge-transfer resistance of the inner electrode normalized
by the reactor length

Charge-transfer resistance of the outer electrode normalized
by the reactor length

XV

mA
mA

mA

cm
cm
cm
cm
cm
cm

JmoltK-

Q cm?
Q cm?
Q cm?
Qcm

Qcm



Ohmic resistance of the electrolyte normalized by the reactor
length

Ohmic resistance of the electrolyte of the inner flow channel
normalized by the reactor length

Ohmic resistance of the electrolyte of the outer flow channel
normalized by the reactor length

Ohmic resistance of the separator normalized by the reactor
length

Sum of resistances in the radial direction, including charge-
transfer resistance of the two electrodes, separator resistance,
and electrolyte resistance normalized by the reactor length
Absolute temperature

Equilibrium voltage of the reactor

Equilibrium potential of the reaction of the inner electrode
Equilibrium potential of the reaction of the outer electrode
Separator thickness

x-coordinate

Dimensionless x-coordinate

Anodic charge-transfer coefficient of the inner electrode
reaction

Cathodic charge-transfer coefficient of the inner electrode
reaction

Inverse Tafel slope for the anodic charge-transfer reaction of
the inner electrode

Inverse Tafel slope for the cathodic charge-transfer reaction
of the outer electrode

Dimensionless parameter, defined by Eq. A8a
Dimensionless parameter, defined by Eq. A8b
Dimensionless parameter, defined by Eq. A8c

Porous electrode electrolyte ionic conductivity

Tubular reactor electrolyte ionic conductivity

XVi

Qcm
Qcm
Qcm

Qcm

Scmt

Scmt



)
P1
P1,s
(pl,sp
(pZ,sp
P2

(Pz,s

Tubular reactor separator ionic conductivity

Square root of the dimensionless ratio of the ohmic resistance
of the electrodes and the resistances in the radial direction
Square root of the dimensionless ratio of the ohmic resistance
of the porous electrode and the charge transfer resistance
Electrical conductivity of the solid phase of the porous
electrode

Electronic conductivity of the inner electrode material

Electronic conductivity of the outer electrode material
Potential of the inner electrode

Potential of the electrolyte outside the double layer of the
inner electrode

Potential of the electrolyte-separator interface in the inner
flow channel

Potential of the electrolyte-separator interface in the outer
flow channel

Potential of the outer electrode

Potential of the electrolyte outside the double layer of the
outer electrode
Dimensional potential of the inner electrode

Dimensional potential of the outer electrode

XVii

Scmt



SUMMARY

This thesis investigates the performance and scalability of microtubular vanadium
redox flow batteries (VRFBs), addressing key factors such as ohmic resistance, electrode
configuration, and material selection. A systematic approach combining experimental
studies, analytical modeling, and numerical simulations provides critical insights into the
challenges and opportunities for advancing microtubular reactors. Chapter 2 explores the
effect of electrode porosity and configuration on ohmic losses. Experimental work
demonstrates that the conductivity of the electrode and the uniformity of the current
distribution are crucial for minimizing area-specific resistance (ASR). Although coaxial
configurations reduce areal resistance, they may lead to higher volumetric resistance
(VSR), suggesting that a quasi-coaxial configuration may be better suited for multitubular
flow batteries. Chapter 3 presents the development of an analytical model for tubular
reactors, which highlights the impact of electrode geometry and material properties on
current distribution, electrode utilization, and ASR scaling. The model identifies key
dimensionless parameters that govern current distribution and provides a foundation for
optimizing reactor design before more complex computational methods are employed.
Chapter 4 focuses on enhancing the scalability of microtubular VRFBs through material
selection, specifically introducing bare copper as a promising anode material. Copper's
high conductivity, stability in vanadium electrolytes, and low cost make it a strong
alternative to graphite, especially for larger-scale applications. Copper demonstrates
superior performance and scalability compared to graphite-based anodes. In conclusion,

this thesis advances the field of electrochemical reactor design by optimizing electrode

xviii



configurations, developing analytical tools, and selecting suitable materials for scalable
microtubular VRFBs. The insights gained from this work contribute to the development of
next-generation energy storage solutions, which are critical for the integration of renewable

energy into power grids.
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CHAPTER 1. INTRODUCTION

1.1 General Background

As climate change intensifies, it becomes crucial for the international community to
accelerate the shift towards decarbonized solutions. Meeting this challenge requires
innovative approaches across various sectors, and electrochemical technologies provide a
promising path for significant emission reductions. These technologies are essential in a
wide range of applications, from sustainable material production to advanced energy
storage and conversion systems.>? Central to these technologies are electrochemical flow
reactors, which play an important role in increasing the efficiency and scalability of energy
solutions.®>* Electrochemical flow reactors are used in various fields, including redox flow
batteries, electrolyzers, fuel cells, organic and inorganic electrosynthesis, metal
manufacturing, and environmental treatment processes.>® From traditional configurations
like parallel plate reactors to more novel approaches, the diversity and potential of these
reactors are key to bringing electrochemical technologies to the forefront of sustainable

solutions.

1.2 Basics of Electrochemical Flow Reactors

Electrochemical flow reactors come in various configurations, and a universal
categorization of these configurations is impractical. For the purposes of this thesis, we
focus on two primary categories based on electrode shape: reactors with parallel plate
electrodes and reactors with coaxial cylindrical electrodes (Figure 1.1a,b).* These

configurations can be further categorized as undivided reactors, when no separator is



included and there is only one electrolyte compartment, or divided reactors when a
separator is included and two or more electrolyte compartments are created (Figure 1.1c,d).
When a porous material is included, two flow configurations emerge: flow-by and flow-
through. (Figure 1.1e,f) One last important distinction is the way individual reactors are
electrically connected when an electrochemical system is scaled up. This gives rise to two
main configurations: the monopolar configuration and the bipolar configuration (Figure
1.1g,h).1° The monopolar configuration maintains the same voltage for the system but adds
the current of the individual reactors to obtain the total current of the system, while the
bipolar configuration operates at the same current as the individual reactors but the system

voltage is the sum of the voltages of each reactor.

Although this thesis focuses on these core configurations, it is worth noting that other
important designs exist, such as trickle bed reactors, fluidized bed reactors, and rotating
disk electrodes. These configurations have been extensively discussed in the literature, and
the interested reader is encouraged to consult these resources (see references 11-14) for

further details.} 1
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Figure 1.1 — a. Undivided parallel plate reactor configuration, b. Undivided coaxial
electrode configuration, c. Divided parallel plate reactor configuration, d. Divided coaxial
electrode configuration, e. Flow-by configuration, f. Flow-through configuration, g.
Monopolar reactor connection, h. Bipolar reactor connection.



1.3 Tubular Flow Reactors

Among these reactor configurations, the parallel plate design stands out as the most
versatile and extensively studied. However, despite its importance, this configuration has
not been able to significantly reduce costs to achieve feasibility on a larger scale.®®
Tubular reactors started receiving more attention as a possible alternative, due to their
potential in achieving higher volumetric power density, in lowering sealing requirements
and in decreasing the cost of manufacturing.’®*® The tubular configuration has been
demonstrated in most electrochemical technologies. Tubular fuel cells were the first to be
studied with several studies on hydrogen fuel cells, direct methanol fuel cell (DMFC), and
solid oxide fuel cells (SOFC).2-22 Recently, Ressel et al. developed an all-extruded tubular

flow cell to be used in flow batteries and later in PEM electrolysis.!8:1923

The most studied technologies that used the tubular configuration were fuel cells.
These past efforts, however, faced several challenges. Power density, both areal and
volumetric, proved to be lower for tubular hydrogen and solid oxide fuel cells due to
typically higher ohmic losses.?* Hydrogen fuel cells faced assembly and fabrication
challenges, since creating a cylindrical membrane-electrode assembly (MEA) and gas
diffusion layer (GDL) in a cylindrical geometry while achieving low resistance was not
straightforward. The commercially available carbon fiber-based materials (cloth, carbon
paper) could not be easily bent and inserted into or around the membrane, complicating the
manufacturing process. Consequently, most research nowadays focuses on developing
fabrication and assembly methods for air-breathing proton-exchange membrane fuel cells

(PEMFCs) for portable power generation.?%%>-2



Tubular SOFCs have been partially commercialized, with systems demonstrated at
power levels up to 1kW.3%3! Their most significant advantages over their planar
counterparts are the seal-less design and high-temperature stability.? However, these
tubular SOFCs face challenges related to low power density and manufacturing
complexities that drive up costs. The tubular configuration requires longer current
collection pathways, leading to higher ohmic losses compared to planar designs, which
ultimately limits the power density. Additionally, thin-film deposition on curved surfaces
necessitates complex manufacturing steps, further increasing production costs.*
Microtubular SOFCs, with tube diameters of 1 mm or smaller, have demonstrated
additional advantages over conventional tubular SOFCs. At this tube size, the packing
efficiency increases significantly, improving the power density while maintaining the
sealing and stability advantages.®>3® However, the challenges of current collection and
manufacturing inherent in the tubular configuration also persist in the case of microtubular

SOFCs. 3334

Recently the first microtubular flow battery was introduced by Stolze et al., who
emphasized the potential for a more compact design (Figure 1.2a).%® Building on these
ideas, Wu et al. introduced a bundled microtubular flow battery that deviated from the
traditional coaxial configuration used in earlier tubular and microtubular designs (Figure
1.2b).18 Their approach leveraged the high packing efficiency of microtubular membranes
to achieve very high membrane surface area per unit volume (m#/m3), resulting in increased

volumetric power density (Figure 1.2c).
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Figure 1.2 —a. Coaxial microtubular reactor, b. Non-coaxial bundled microtubular reactor,
c. Surface are per unit volume of an array of tubular and planar membranes.

1.4 Redox Flow Batteries

Developed in Japan in the 1970s, the redox flow battery (RFB) is a technology where
energy is stored in the form of oxidized or reduced species in an electrolyte solution.®%%
The RFB setup consists of two main parts: electrolyte reservoirs containing electroactive
species and the power unit (reactor) where electrochemical reactions occur to generate
power (Figure 1.3a). The electrolytes are constantly circulated from the tanks to the reactor
and vice versa with the use of pumps. A conventional power unit of an RFB consists of a
stack of parallel plate reactors. The individual parallel plate reactor of the stack contains
two porous electrodes on the two sides of a separator (Figure 1.3b).% The electrodes are
typically porous materials to provide high surface area for the reaction and the diffusion of

the active species.®®
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Figure 1.3 — a. Redox Flow Battery (RFB) schematic b. Power unit schematic.*°

1.5 Research Problem and Hypothesis

Energy storage systems (ESS) are critical for the integration of renewable energy
sources, yet no ESS has fully met the DOE target of a storage cost below $150/kWh.!
Depending on storage duration, different technologies are favored, with battery ESS
expected to grow in the 4-8 hour range (Figure 1.4).*? Lithium-ion (Li-ion) batteries
currently dominate the energy storage market due to their technological maturity, but they
encounter significant challenges when scaled up for large-scale, long-duration storage.*® In
contrast, redox flow batteries offer key advantages, including easier scalability and
independent adjustment of power and energy capacity, making them well-suited for grid
storage.** However, Li-ion's closest competitor, the vanadium redox flow batteries
(VRFBs), still face major cost challenges, particularly due to the high capital cost of the

stack and the vanadium electrolyte.'>#
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Figure 1.4 —a. U.S. storage capacity predictions, b. ESS grouped by power and discharge
time, c. Total installed cost comparison between VRFBs and Li-ion NMC batteries, 54246

This thesis investigates whether the microtubular configuration offers a promising
alternative and whether its high packing efficiency can translate into performance gains
and potential cost reductions. One key problem that tubular, including microtubular,
reactors face is the higher resistance (ASR) compared to their parallel plate
counterparts.'8347 Whether this is a feature that arises due to this tubular geometry, how
it can be mitigated or compensated for by other advantages, and lastly how it would impact
scalability are important questions to be answered to evaluate the potential of the

microtubular configuration in the energy storage sector.

1.6 Significance and Contribution of the Study

The purpose of this study is to address existing challenges in electrochemical reactor
design for flow battery applications. Specifically, a microtubular reactor is analyzed as a
Vanadium Redox Flow Battery power unit. This research aims to introduce a new design

to VRFB technology, which currently struggles with high capital costs. The proposed



microtubular design has not been thoroughly studied in the existing literature and remains

at a proof-of-concept stage. Therefore, this work seeks to expand the current understanding

of tubular reactor configurations in electrochemical engineering. More specifically:

1.7

This research advances the knowledge of tubular electrochemical reactors by
developing an analytical model that investigates the current distribution along the
reactor length and resistance scaling with length. This model identifies key
parameters and trends, providing a foundational understanding of the tubular
configuration. It offers easy-to-apply analytical formulas and establishes a basis for
future research on scalability, performance, and design improvements for tubular
reactors.

A comparative analysis of different electrode configurations in microtubular
reactors is performed, offering insights into the performance advantages of each
configuration. This understanding will help researchers and engineers focus their
efforts on specific configurations based on desired performance metrics.

A Cu anode is proposed as an alternative to traditional graphite-based electrodes in
microtubular VRFBs, addressing existing challenges associated with these
electrodes. This research explores its potential benefits in terms of electrochemical

performance, scalability, and cost-effectiveness.

Thesis Outline

This thesis involves a systematic approach to evaluate, understand, and improve

microtubular reactors for VRFBs. Combining experiments and modeling sheds light on



various aspects of microtubular reactors such as electrode configuration, materials,

dimensions, and current distribution among others. More specifically:

Chapter 2 - Effect of Electrode Porosity and Configuration on Ohmic
Losses of Tubular Flow Batteries: This chapter investigates the impact of
electrode porosity and configuration on the ohmic resistance of tubular flow
batteries. The experimental work focuses on analyzing the contributions of
different resistance components, such as electrode, electrolyte, and separator
resistances. In addition, various electrode configurations are evaluated to
identify design strategies that can minimize ohmic losses and improve
scalability.

Chapter 3 - An Analytical Model for Tubular Flow Reactors: Chapter 3
presents a mathematical approach to model a tubular flow reactor. This
approach identifies key dimensionless parameters that determine the current
distribution uniformity and reactor resistance. The model provides insights
that can guide the optimization of reactor design for enhanced performance.
Chapter 4 - Enhanced Scalability in Microtubular Vanadium Flow
Batteries via Copper Anodes: Building on the model's findings, this chapter
addresses scalability challenges in microtubular VRFBSs by proposing the use
of copper anodes to lower resistance and enhance scalability. The chapter
details the material selection process, the electrochemical characterization,

and the performance improvements achieved with copper anodes.
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CHAPTER 2. EFFECT OF ELECTRODE POROSITY AND
CONFIGURATION ON OHMIC LOSSES OF TUBULAR FLOW

BATTERIES

2.1 Introduction

In this chapter the effect of electrode porosity and configuration is investigated. A
microtubular flow battery is constructed following the design of Wu et al, modified to work
with Vanadium chemistry. The microtubular VRFB is tested, and its performance
evaluated in terms of its area-specific resistance (ASR) and polarization curve. The effect
of the electrode porosity and the electrode configuration are investigated in a single-
membrane flow battery. The electrode configuration is further studied for a multi-tubular
flow battery. Specifically, the current distribution of coaxial (Cx) and a quasi-coaxial (Q-
Cx) configuration are numerically solved to evaluate the uniformity and compare areal and

volumetric performance of the different configurations.

2.2 Methods

2.2.1 Materials

The tubular flow batteries were assembled using microtubular membranes sourced
from Perma Pure. The membranes had inner diameters (ID) of 2.17 mm with wall
thicknesses of 254 um. Graphite materials were obtained from Ohio Carbon Blank Inc.
The graphite rods used in the experiments measured 1.5 mm in diameter and 20 cm in

length. All graphite tubes had an outer diameter (OD) of 0.25 inches and inner diameters

11



(ID) of 0.185 inches. Graphitic carbon fibers, supplied by Toray Composites (Item #:
T700SC-12K-50C), were heat-treated prior to use to carbonize the polymer sizing. The
VRFB electrolyte was supplied by U.S. Vanadium, LLC in the form of V3°* and charged

to 50% state of charge (SOC).

2.2.2 Flow Cells

Each tubular flow battery was constructed using three polypropylene tee
compression tube fittings (sized for 0.25-inch outer diameter tubing, McMaster-Carr).
Fluorinated ethylene propylene (FEP) tubing with a 0.25-inch outer diameter (OD) from
McMaster-Carr was used to contain the electrolyte within the flow cells. Graphite tubes
served as the electrodes in the active section of the cell. J-B WELD Epoxy Adhesive
(Grainger, Inc.) was applied as needed to ensure proper sealing. Teflon tape (Swagelok)
was applied to the threads of the fittings for additional sealing. A schematic of the
fabrication steps for a coaxial flow cells and a picture of the finished cell are shown in
Figure 2.1. The electrolyte was circulated using a Masterflex L/S Standard Digital PTFE-

Tubing Pump System supplied by Avantor.
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Figure 2.1 — a. Coaxial flow cell fabrication steps b. Picture of the coaxial flow cell
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2.2.3 Electrochemical Characterization

Electrochemical testing was conducted using a Bio-Logic SP200 Potentiostat.
Electrochemical Impedance Spectroscopy (EIS) was performed at open-circuit voltage
(OCV) with a 10 mV voltage amplitude, over a frequency range from 200 kHz to 0.1 Hz.
The ohmic losses were estimated by measuring the high-frequency x-intercept of the
Nyquist plot, also referred to as High-Frequency Resistance (HFR). Polarization curves
were generated using chronoamperometry. For each measurement, a voltage was applied
for 1-2 minutes until the current stabilized, followed by holding at OCV for the same
duration until the current approached zero. Each positive polarization voltage step was
followed by a corresponding negative step to minimize variations in the electrolyte's state
of charge (SOC). Voltage steps ranged from 10 mV to 20 mV, and the final current data

points were used to construct the polarization curve.
2.2.4 Numerical Simulations

The Primary Current Distribution interface in COMSOL Multiphysics was used to
model the current distribution in the electrolyte and the separator. This involves solving

the Laplace equation for the potential in the electrolyte, and solid electrodes:

V=0 M

Where i equals 1,2, or s for the inner electrode, the outer electrode, and the electrolyte

solution, respectively. The equation for the electrode-electrolyte interface is:

Y — s = U; Q)
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Where i is equal to 1 and 2 for the two electrodes and U is the equilibrium potential
for the reaction at each electrode. Constant potential boundary conditions were applied at
the center of the inner electrode, at the center of the outer electrode for the quasi-coaxial
configuration, and at the OD of the outer tube for the non-coaxial configuration. The
resistance estimation is based on the current response to a 50 mV applied voltage. The
membrane properties used are those from Nafion as given in COMSOL’s material library

for fuel cells and electrolyzers.

2.3 Results and Discussion

2.3.1 Overview

The electrodes of the microtubular VRFB need to be selected so that they are
compatible with VVanadium redox couples. Guided by literature studies on conventional
VRFBs, graphite is a material with facile kinetics towards the reaction that the vanadium
ions participate and is also chemically stable in these electrolytes.*® In parallel plate
vanadium flow battery cells, the most common electrodes are fibrous carbon-based
electrodes such as carbon paper, carbon felt, and carbon cloth (Figure 2.2a).%® None of
these electrodes, however, are suitable for a microtubular reactor due to the size and shape
of the membrane. Wu et al. proposed the use of carbon fiber bundles which satisfy most
requirements for an VRFB electrode: fast kinetics towards the vanadium ions, high surface

area, and adequate conductivity due to their graphitic structure (Figure 2.2b).1
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Figure 2.2 — a. Porous carbon fiber-based electrodes typically used in VRFBs, b. Carbon
fiber bundle electrode used in Znl2 microtubular flow batteries, 63

2.3.2 Preliminary Results

The preliminary tests aimed to evaluate the performance of the microtubular reactor
using the simplest possible design with a single membrane. The initial assessment was
conducted on a flow battery utilizing carbon fiber bundles for both electrodes. A schematic
of the reactive zone in this battery is depicted in Figure 2.3a. The electrochemical
impedance spectroscopy (EIS) spectra and the corresponding polarization curve are shown

in Figure 2.3b and Figure 2.3c, respectively.

The High-Frequency Resistance (HFR), which reflects the ohmic resistance of the
flow cell, was measured to be 15 Q-cm? From the polarization curve (Figure 2.3c), the
maximum discharge current density reached 5 mA-cm™, while the maximum charge
current density was 6 mA-cm 2. This preliminary evaluation revealed significantly lower

current densities compared to parallel-plate reactors, with ohmic losses appearing as the
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primary limiting factor. These results highlight the need for a more detailed analysis of the

sources of ohmic resistance in this configuration to better understand and reduce resistive

losses.

= r————————r--- —

—e—Cfib-Cfib|

0 4 8

2

12 16 20 24

Re(Z) (Q cm?)

28

A Cfib-Cfib Wi

4 2 0 2 4 6 8
i(mAcm'Z)

Figure 2.3 — a. Schematic of the microtubular carbon VRFB with carbon fiber electrodes,
b. EIS spectrum and c. polarization curve of the carbon fiber-based VRFB. The flowrates
of the inner and outer flow channels were 5 mL min* and 15 mL min™ respectively.

2.3.3 Ohmic Resistance Analysis

Electrons travel along the electrodes, participate in charge transfer reactions at the

electrode surface, and pass through the electrolyte and separator. The overall ohmic

resistance, measured through the high-frequency resistance (HFR), arises from

contributions by the electrodes, separator, and electrolyte (Figure 2.4). The electrode

resistance is influenced by the material's resistivity, the cross-sectional area, and the length

of the electrode based on the following formula:
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Reiectrode = pZ

(&)

This formula holds when the current density across the cross section is uniform,
which is a good approximation for long and thin electrodes. In the case of the electrolyte
and the separator in this tubular geometry, the current density may not be uniform and such
an analytical formula cannot be used. In this case, a numerical solution of Laplace’s

equation is required to estimate this resistance (Figure 2.4).%
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Figure 2.4 — The components of the ohmic resistance in a tubular flow battery showing the
solid phase resistance from the electrode and the ionic resistance of the electrolyte and the
separator.

2.3.4 Electrode Resistance

The electrode resistance can be adjusted by altering the material or the dimensions
of the electrode, specifically its cross-sectional area or length. In VRFBs, the high acidity
of the electrolyte limits the choice of materials, as only a few have proven stable in both

the anolyte and catholyte. For this reason, we focus on graphite-based materials.
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One way to evaluate the impact of electrode resistance while using the same material
is by varying the cross-sectional area. Carbon fiber-based electrodes have a much smaller
cross-sectional area compared to solid graphite rods of the same dimensions. The total
cross-sectional area of a carbon fiber bundle can be estimated by considering the fiber
diameter (7 um) and the number of fibers per bundle (12,000). Based on these values, the
graphite rod has approximately four times the cross-sectional area. Since the resistivity of
both materials is comparable, this should result in a fourfold reduction in ohmic resistance

due to the electrode alone.

In Figure 2.5 the HFR decreases from 15 Q cm? to 6.4 Q cm? when switching from
carbon fibers to graphite rods. Similarly, the slope of the polarization curve in the linear
region is reduced for the graphite rod-based flow battery indicating lower ohmic resistance
(Figure 2.5). These results reveal the important role that electrode resistance plays in the

microtubular flow battery performance.
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Figure 2.5 — a. Schematic of a flow battery with carbon fiber and carbon rod-based
electrodes, b. Cross-section are comparison, c. EIS spectra and d. polarization curves of
the two VRFBs. The flowrates of the inner and outer flow channels were 5 mL min* and

15 mL min™! respectively.

2.3.5 Electrolyte and Separator Resistance

Our hypothesis in this analysis is that the electrode configuration dictates the current
distribution in the electrolyte and the separator and, therefore, their contribution to the
resistance. A non-uniform current distribution forces parts of the electrode to operate at
different current densities, which may lead to poor utilization of the available surface area.
We expect that this non-uniformity will manifest through an increased ohmic resistance.
The question that remains to be answered is how significant this increase is. To test the
hypothesis, we compare the ASR of a coaxial and a non-coaxial flow battery. While the
membrane and the inner electrode are the same, the outer electrode is a graphite tube in the

coaxial battery and a graphite rod in the quasi-coaxial battery. (Figure 2.6a,b)
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In Figure 2.6 we demonstrate the effect of the configuration on the ohmic losses and
the current distribution in a tubular flow battery. We compare the EIS spectra we
experimentally collected for two tubular flow battery configurations, coaxial(Cx) and non-
coaxial (N-Cx). (Figure 2.6¢c) The ASRHrr, obtained from the High Frequency Resistance
(HFR) in the EIS plot is compared, showing that the quasi-coaxial configuration has almost
twice the ASRHrr as the coaxial. (Figure 2.6e) This difference is attributed to the non-
uniformity of the current distribution. To validate this hypothesis, we numerically solve for
the primary current distribution using COMSOL. The primary current distribution assumes
infinitely fast kinetics on the electrode surface, electroneutrality in the electrolyte and
homogeneous electrolyte. Therefore, the current response to an applied overpotential
depends solely on the ohmic resistance of the solution and the separator. The simulations
show lower ohmic losses for the coaxial configuration, following the same trend as the
experiments.(Figure 2.6e) The current density distribution in the electrolyte seems localized
in the area where the two electrodes are facing each other and the distance between them
is at its minimum. (Figure 2.6d) This leaves the rest of the electrode surface experiencing
low current densities and being poorly unutilized. This comparison demonstrated the

importance of the electrode configuration on the resistive losses in a tubular flow battery.
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Figure 2.6 - a. Schematic of the co-axial configuration b. Schematic of the non-coaxial
configuration with one outer electrode c. EIS of the co-axial and non-coaxial configuration
d. Primary current distribution of the two configurations obtained in COMSOL e. ASR
measured based on COMSOL’s primary current distribution solution and the HFR obtained
from EIS experimentally. The flowrates of the inner and outer flow channels were 10 mL

mint and 25 mL min respectively.

Table 2.1 — Parameters of the coaxial and non-coaxial flow cells used in the experiments
and the simulations.>

Parameter Value Units Description

ry 0.75 mm Inner electrode radius of both Cx and NCx
T2.0x 2.35 mm ID of the graphite tube of Cx
d; cx 0.825 mm Thickness of the graphite tube of Cx
T20cx 0.75 mm Outer electrode radius of N-Cx

Tm 1.09 mm Membrane radius (from supplier)

w 250 um Membrane thickness (from supplier)

Kep 0.2 Scmt Electrolyte conductivity

p 1.22 mQ cm Graphite conductivity (from supplier)
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2.3.6 Evaluation of Electrode Configurations

We showed that the electrode configuration has an important effect on the current
distribution and, as a result, on the ohmic resistance of the tubular flow battery. At first
glance, it seems logical to choose a coaxial configuration over a less symmetric non-coaxial
configuration. This would indeed be wise if our focus is on designing a tubular flow battery
with a single membrane and scaling up only in length. On the other hand, if the goal is
scaling up from a single membrane to a multi-tubular flow Dbattery, the optimal

configuration is less clear.

As pointed out by Wu et al., microtubular membranes can be densely packed and
significantly decrease the size of the flow battery.'® However, the choice of the electrode
configuration may affect the ability of the membranes to achieve high packing efficiency.
For instance, a coaxial configuration may not allow the membranes to be tightly packed
due to the existence of the outer tubular electrode. In contrast, a quasi-coaxial configuration
with rods or wires as outer electrodes could allow for a higher density packing of the
membranes. In order to assess these different configurations in a way that the packing
efficiency is also accounted for, we propose the use of a Volume Specific Resistance (VSR)
in addition to the conventional ASR. This idea of normalizing resistance by volume was
introduced by Stolze et al. as a complementary metric for assessing the performance of

tubular flow batteries.3®

To shed light on this trade-off, we compared a coaxial configuration with a quasi-
coaxial configuration. These two configurations and their unit cells, respectively, are

shown in Figure 2.7a,b. The current density distributions of the two configurations were
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compared, followed by the comparison of their areal and volumetric resistances. To make
the comparison as consistent as possible, we used the same size and thickness for the
membrane, same size for the inner electrode, and same thickness of the outer electrode in

the two configurations.

a. Coaxial outer electrode b. Quasi-coaxial outer electrode

G b—
\‘ H:—
zl“l'ﬁ_

Figure 2.7 — a. A scaled-up coaxial configuration with a honeycomb-structured outer
electrode, b. A scaled-up quasi-coaxial configuration with wire/rod-shaped outer
electrodes

The quasi-coaxial configuration is expected to experience non-uniformities in the
current distribution compared to the coaxial configuration but at the same time maintain a

higher packing efficiency than the coaxial. Initially, we compared the current density
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distribution of the two configurations. The geometric parameters used in this simulation
are shown in Table 2.2 combined with electrode and electrolyte conductivities from Table
2.1. The coaxial configuration showed a uniform current distribution, with the current
density slightly decreasing in the radial direction due to an increase in the normal to the
current vector area (Figure 2.8a). In the quasi-coaxial configuration the current density was
localized where the distance between the electrodes minimizes, following the path of least
resistance (Figure 2.8b). These patterns were also confirmed in Figure 2.8c where the
current density magnitude at the membrane is plotted against the polar angle. The current
density peaks at 45°, 135 °, 225 °, and 315 ° where the distance between the electrodes is
minimized. On the other hand, the coaxial’s current density is constant and higher than the
quasi-coaxial indicating a lower ASR. Regarding the extent of the non-uniformities of the
quasi-coaxial, the current density fluctuates between approximately 75% and 125% of the

average current density (Figure 2.8d).

Table 2.2 — Parameters used in the COMSOL simulations to evaluate current density
distribution, ASR, and VSR.

Parameter Value Units Description
ry 0.75 mm Inner electrode radius of both Cx and NCx
Tm 1.00 mm Membrane radius
w 50 um Membrane thickness®
d, 0.25 mm Defined in Figure 2.9a,b
d, 0.25 mm Defined in Figure 2.9c,d
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Figure 2.8 —a. Current density distribution for the coaxial configuration b. Current density
distribution for the quasi-coaxial configuration, c. The current density distribution at the
inner surface of the membrane as it changes with the polar angle d. The current density
distribution over the average current density at the inner surface of the membrane as it
changes with the polar angle.

For the resistance comparison, we varied the outer electrode distance from the
membrane (d, in Figure 2.9a,b) and the outer electrode thickness (d, in Figure 2.9¢,d) to
reveal potential trends that relate to the dimensions. The inner electrode remained fixed at
0.75 mm radius since this is the minimum that can be produced consistently and with a low
risk of breaking after consulting with our supplier (Table 2.2). In Figure 2.9e we showed
that the coaxial configuration is expected to have lower ASR than the quasi-coaxial
configuration regardless of the gap between the membrane and the outer electrode. We also

observed that the bigger the outer electrode gap the higher the ASR for both configurations,
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which can be explained by the increased path the ions have to travel in the electrolyte.
(Figure 2.9e) When we measured the volumetric performance through the VSR, we noticed
that the quasi-coaxial configuration shows lower resistance (Figure 2.9g). This means that
the improved packing efficiency of the quasi-coaxial configuration can compensate for the
higher ASR. This ASR difference was maintained across all outer electrode gaps and
became more pronounced as the outer electrode thickness decreased (Figure 2.9f). Notably
when the outer electrode thickness decreased, the trends changed and the VSR of the quasi-
coaxial stopped decreasing. (Figure 2.9h). This behavior can be explained by the fact that
when the outer electrode becomes particularly small, the volume of the unit cell will now
be limited by the membrane size and the distance di. Overall, this comparison showed that
depending on the ease of manufacturing of the two electrode types, the minimum thickness
possible, and the cost of production, cells of lower areal or lower volumetric performance

may be pursued.
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Figure 2.9 — Schematic of the a. gap between the membrane and the outer coaxial tubular
electrode, b. gap between the membrane and the outer rod-shaped electrode, c. half the
thickness of the outer honeycombed-shaped electrode in the coaxial configuration, d. the
radius of the outer rod-shaped electrode in the quasi-coaxial configuration. The variation
of the ASR and the VSR as estimated form the primary current distribution simulation
Versus, €., g. the gap between the outer electrode and the membrane, f., h. half the thickness
of the outer electrode.
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2.3.7 Scalability

After investigating the scalability of moving from a single reactor to multiple parallel
reactors, we evaluated the scalability of increasing the active length of the flow battery.
Extending the battery length was expected to proportionally increase the power output. To
test this hypothesis, two flow batteries were fabricated with active lengths of 5 cm and 10
cm, and their polarization curves were collected (Figure 2.10a,b). We expected the 10 cm
battery to deliver double the current at the same applied voltage. However, the current
increased only slightly, resulting in a lower current density (Figure 2.10c). This limited
increase was due to a higher ASR in the longer battery, as shown by the EIS (Figure
2.10d,e). The rise in resistance with length raised concerns about the scalability of this
configuration, prompting further investigation into the effects of electrode resistance and

tubular geometry on performance.
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Figure 2.10 — Schematics of the a. 5cm active length battery, b. 10 cm active length battery.
c. Polarization curve comparison, d. EIS spectra comparison, e. HFR comparison. The
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flowrates of the inner and outer flow channels were 5 mL min?® and 15 mL min?
respectively.

2.4 Conclusions

A preliminary assessment showed that the performance of microtubular VRFBs
suffers due to high ohmic resistance. Ohmic losses from the electrode, electrolyte, and
separator contributed significantly to the total ASR. Varying the conductivity of the
electrode changed the ASR by 10 Q-cm?, highlighting the importance of electrode
conductivity. The electrode configuration in a single-tubular battery was also evaluated. A
coaxial configuration resulted in a uniform current distribution and minimized ohmic losses
in both the electrolyte and the separator, leading to a lower ASR. The electrode
configuration was further examined in the case of a multi-tubular flow battery. When
comparing the quasi-coaxial and coaxial configurations, it was found that while the coaxial
configuration achieved a lower ASR, this did not necessarily translate into better
volumetric performance (VSR). This demonstrates that high areal performance does not

always align with high volumetric efficiency.
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CHAPTER 3. AN ANALYTICAL MODEL FOR TUBULAR

FLOW REACTORS

3.1 Introduction

CHAPTER 2 preliminary results on a microtubular flow battery demonstrated the
crucial role that the electrode resistance plays in the ASR of the flow battery. In Section
2.3.7 an attempt to scale-up the battery revealed that the ASR increased when the flow
battery length increased. These observations imply that there may be more complex
phenomena occurring in the tubular geometry which affect its performance in ways that

have not been observed before.

In this chapter we focus on understanding these phenomena, how they affect the
performance of tubular reactors and what parameters influence them. Mathematical
modeling is a very useful tool in this direction. Models are solved either analytically or
numerically. Numerical solutions are typically obtained by solving the coupled
momentum, mass transport, and electrochemical equations for specified conditions while
analytical solutions focus on capturing trends and key variables that govern the behavior
of the electrochemical reactors.>-° To our knowledge, there are few comprehensive efforts
to model the tubular reactor in the open literature.*-°8 Most research has been conducted
in the tubular fuel cell field where numerical simulations are used to study the effects of
mass transport, pressure, and operating conditions.>®-%! Little to no attention, however, has

been paid to the current distribution and the resistance of tubular reactors.®? A model that
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studies the effect of the geometry and material properties on the behavior of the reactor

would be highly useful for tubular reactor design and potential towards scaling-up.

Here we introduce an analytical model tailored for tubular flow reactors. This
theoretical approach allows us to visualize and understand the effects of reactor design
parameters and material selection on the performance of the reactor. The performance is
evaluated based on the current distribution, potential distribution, and reactor resistance.
The input parameters used in the analysis can be obtained either from the literature or
routine experiments. The model shows that the current distribution along the reactor is
determined by the ratio of the ohmic resistance of the electrodes and the radial resistances
due to charge transfer on the electrodes, and ohmic resistance of the electrolyte and
separator. High ohmic resistance in the electrodes results in uneven current distributions
and poor reactor utilization. In addition, high resistance can also cap the maximum length
of the reactor, which in turn limits the maximum power rating of the unit. By understanding
these relationships, our model offers valuable insights for improving reactor designs and

achieving higher power outputs.

3.2 Model Development

The key difference between the parallel plate reactor and the tubular reactor is the
path that the electrons need to follow to participate in reactions. In the parallel plate reactor,
whether in monopolar or bipolar configuration, the electrons need to cross the graphite,
composite, or metal plate to reach the electrode and participate in the charge transfer
reaction (Figure 3.1a). In the case of the monopolar configuration, the electrons need to

flow along the length of the current collector or the monopolar plate itself if it is made of
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metal, but in either case the resistance is significantly lower than that of graphite or
composite materials. Overall, no significant non-uniformities are expected to appear due
to the ohmic resistance of the plates or current collectors for the parallel plate reactor. On
the contrary, in the case of the tubular reactor, the electrons need to travel along the length
of the electrode and react at different distances from the current collector (Figure 3.1b). As
a result, the electrons reacting close to the current collector will encounter less ohmic

resistance than the electrons that react further from it.

a.

s

|2~ 7

Figure 3.1 - Qualitative current distribution a) throughout the separator of the parallel plate
reactor b) along the separator of the tubular reactor.

To carefully examine these phenomena, we created a mathematical model for the full
tubular reactor. A schematic is shown in Figure 3.2a. The reactor consists of an inner
cylindrical electrode, a tubular separator surrounding the inner electrode and an outer
tubular electrode (Figure 3.2a,b). The two electrodes are in contact with current collectors
at the two ends of the reactor (Figure 3.2b). The current collectors are assumed to have

infinite conductivity and therefore uniform potential.
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Figure 3.2 - a) Schematic of a tubular reactor. b) Tubular reactor model geometry.

This approach resembles Newman and Tobias’s method for porous electrode,
treating the inner electrode of the tubular reactor as the solid phase of the porous electrode
and the outer electrode as the electrolyte.%® To build the model for the tubular reactor, we

start from the charge balance in the inner electrode: %%

V-ip = —Qqlnq @)

Where i, is the current density in the inner electrode, i,, ; the current density due to
the reaction, and a, the specific interfacial area of the inner electrode. For the inner

cylindrical electrode, the specific interfacial area is defined as:
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electrode surface area 2nr;
a, = = >
electrode volume Ty )

The current in the solid phase of the two electrodes is assumed to vary only in the x-
direction and be uniform on the cross section. In the tubular reactor, it is more convenient
to use the total current in the electrode than the current density across the cross-section of
the solid electrode. Therefore, assuming one-dimensional current distribution, Eq. (4) is
simplified to:

dl,

— = =21y,

dx (6)
To solve for the current distribution, a polarization equation needs to be used to
express the current density due to the reaction. Butler-Volmer’s equation is the most
common choice to relate the reaction rate with the potential difference between the
electrode and the solution:

a’a,lp ac_lF
in1 =1lo1 (e RT (P179157U1) _ e_W(‘pl_‘pl'S_Ul))

)

3.2.1 Linear Kinetics Formulation

At low polarization, linear kinetics is a good approximation and leads to the

following equation:

dl a,;1+a.,)F
_1 = —27‘[7"11'0'1 ( @1 C'l)

dx (o1 — @15 — Uy)

RT t))
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Using the definition of the charge transfer resistance, Eg. (5) can be rewritten:

dly,  2mn

dx R,e, (01— @15 — Uy) )

Where R, is the charge transfer resistance of the inner electrode reaction and

defined as follows:*°

RT
io1(@a + ac1)F (10)

Retp =

To eliminate the potential in the liquid phase, ¢, 5, which is a quantity that cannot be
measured, we use the principle of the voltage divider as it is used in heat transfer
phenomena in cylindrical geometries.®® A cross section of the tubular reactor is shown in
Figure 3.3, to explain how the principle is applied in the tubular reactor context. In this
simplified version, we use the charge balance at the interfaces and the electrolyte to

eliminate the intermediate potentials:

in,1 (2771) = b5 (2my) = 5(211y) = i (2m1) = a2 (27m2n) (g
P1-P1,s (27‘[7"1) — P1,s 'l(pl,sp _ (pl,siz':pz,sp _ (PZ,Is?pl'(pz,s
ctl ell N el2
_ P2s5P2 2 _ P1-P2
=Ry ) S R R R R, TR
ct2 ctl ell s el2 ct2 (12)
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Figure 3.3 — Cross section of the tubular reactor and a sector showing the resistances and
the potentials in the radial direction

Where the resistances in the radial direction are now normalized by the unit length

(€2 cm) (Figure 3.3, Figure 3.4):

- Rctl
- Rth
1 7.
R, = In=
ell ZT[Kel ™ (15)
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R, = n
el2 anel TS +w (16)
R = 1 In s +w
27TKS TS (17)
Resistance normalized Resistance normalized
by area: by length:
Ree (Q cm? RL, (@ cm)

R
I et
/ Ree = 2mr

Figure 3.4 - Schematic of the Charge transfer resistance normalized by unit length for the
cylindrical geometry.

Where k. and k, represent the ionic conductivities of the electrolyte and the
separator, respectively, and w the thickness of the separator. The formulas for the
electrolyte and separator resistances are obtained by integrating in the radial direction. The

derivation of the electrolyte resistance is shown as an example:
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Rly = — f AN
= —_— T = n—
el e ry 21T 2MKy Ty

(18)

If we assume that the thickness of the separator is much smaller than the
interelectrode gap and that the conductivity of the inner and outer electrolyte is the same

we can simplify Eqg. (15)-(17) to:

. 1 Ty
ol = In—
anel 151 (19)
w
R: =
$ 27TKS (20)

Using Eq. (12) in Eq. (9) the potential in the solution, ¢, , is eliminated and the
equation can be written as a function of the potential difference between the inner and outer

electrode:

dl, 1 ( T
dx  RLy+R.,+R.+R, YT Q1)
Where U is the equilibrium voltage of the reactor:
U = U1 - U2 (22)

The concentration of the active species in the electrolyte is assumed to be uniform

throughout the length of the reactor. In a flow reactor this can be achieved by adequate
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forced convection. As a result, the equilibrium voltage of the reactor, U, will be

independent of x. Differentiation of Eq. (21) gives:

d’l; 1 (dqol do,
dx? Rl +Ri, +RY+R dx  dx

)
(23)

Combining the charge balances and Ohm’s law, we eliminate the potentials in the

two electrodes, and we rewrite Eq. (23) in the following form:

dzlz _ 1 (12 - I + 12 )
dx? Ry +R.L, +RL+RL Aqor  Ano; 24)

Where A.,A., are the cross-sectional areas and oy,0, are the electronic
conductivities of the inner and outer electrode, respectively (Figure 3.3). The individual

resistances in the radial direction can be combined in one total resistance:
R'tye = Rlyy + RLy + R+ RL (25)

Then, we define dimensionless variables:

=2
(26)

o~ R

27
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5 L? ( 1 N 1 )
v =
thot A0y A0, (28)

A0 (rzz,o - rZZ,I)UZ
K, = =

Aoy oy (29)

Where [ is the total current applied on the electrode. After substituting in Eq. (24)

we get:

dZI*:V2<I*_ Kr >

dZZ 1 + Kr (30)

This equation governs the current in the electrodes. The current on the outer electrode
is zero at the end of the outer electrode (x=0) and equal to the applied current I at the current

collector (x=1). Therefore, the boundary conditions are:

3.2.2 Tafel Kinetics Formulation
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Here, we show the analysis for Tafel kinetics. The Tafel equation is derived from Eq.
(7) at high overpotentials. Assuming anodic Tafel kinetics for the inner electrode and

cathodic Tafel kinetics for the outer electrode:

in1 = iolleﬁ1(<ﬂ1—<ﬂ1,s—U1) 33)
in,z = —io’ze—ﬁz(fpz—(Pz,s—Uz) 34)
Where:
g, = ag1F
1 RT (35)
8, = ac,F
2 RT (36)

Differentiating Eq. (6) using the Tafel kinetics instead of linear kinetics we get:

d’I, _dh <d<P1 d‘/’l,s)
dx?  dx"*\dx dx 37

d*h __dh (%_dwz,s)
2

dx?2 ~ dx dx dx (38)
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From Eq. (37) and Eq. (38) and the total charge balance the following relationship

between the potentials can be obtained:

<d§01 d(PLs) _ (d§02 d§02,s>
Bi\——— P2\ —

dx dx dx dx (39)
The potentials in the solution next to the two electrodes are also related:
P2s = Prs — db (R +RY)
2,8 1,s dx s el (40)

Eq. (39) and Eqg. (40) can be used to eliminate the potential in the solution in Eq.

(38):
d?I dl 1 1 I d?I
2 _22 BrB: ( ) — ———2(RL+RL)

dx? dx By + B, \\A, 0, A0, A0y dx? 1)

Using dimensionless variables and the B.C. defined in Eq. (31),(32):
(1 N dI*) d*’r-_dr I —e)
4 dz) dz?  dz € 42)

Where:

IR+ RL) Bipe
L p1+ B2 (43)

Yy =
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1 1
8§ =LI AiP ( + )
P1+ B2 \Acp101  Ap0;

(44)
LM b
Acio1 B1 + B (45)
Setting:
_ar
P=tz (46)
The equation can be simplified to:
dp
1+ =6I"—¢
A +yp) o )

Eq. (47) cannot be analytically solved. In the case of y = 0, a solution can be
obtained in implicit form as in the original work by Newman and Tobias in their treatment
of the porous electrode with Tafel kinetics. This condition corresponds to negligible

electrolyte and separator resistance.

3.3 Results and Discussion

3.3.1 Current and Current Density Distribution along the Reactor Length

By solving Eq. (30), we obtain the current in the outer and the inner electrode

respectively:
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K, sinh(vz) + K, sinh(v(z — 1))

"=
1+K, (1 + K,) sinh(v) (48)
I {—p = 1 sinh(vz) + K, sinh(v(z — 1))
I 1+K, (1 + K,) sinh(v) 49)

The current density can be obtained by rearranging Eq. (4). However, to make the
distribution independent of the geometry, the derivative of the current will be used since it
is directly proportional to the current density:

dl,

—— = 2nr.Li
dZ S n,1 (50)

dl;  cosh(vz) + K, cosh(v(z — 1))
dz ¥ (1 + K,) sinh(v) 1)

The total current and the current density distribution along the length of the reactor
depends on the two dimensionless parameters v and K,.. The first parameter v is the ratio
of the total ohmic resistance of electrodes of length L along the x direction and the sum of

the other resistances in the radial direction for a reactor of length L:

5 Ohmic resistance in the x — direction

" Total resistance in the r — direction (52)
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A higher v value indicates a predominant influence of the electrodes’ ohmic
resistance on the current distribution, whereas a lower v value indicates that kinetic,
electrolyte, and separator resistances are dominating. The second parameter, K., represents
the ratio of the resistances per unit length of the two electrodes. The resistance per unit
length is used since it depends on both the specific conductivity of the material and the
cross-sectional area. They are both design variables since the first depends on the choice
of material and the second on the dimensions of the electrodes. High K,. values suggest

high inner electrode resistance, while low values indicate high outer electrode resistance:

Ohmic resistance of inner electrode

"~ Ohmic resistance of outer electrode (53)

The current distribution along the length of the reactor is shown in Figure 3.5a,c,d.
Assuming same conductivity for the two electrodes (K, = 1), the current distribution is
symmetric. At high values of v, the ohmic resistance of the electrodes dominates and the
current density is high only near the current collectors to minimize the path the electrons
have to travel along the electrodes. At low values of v, the charge transfer, electrolyte and
separator resistances dominate, and the current density becomes more uniform throughout
the electrode to avoid high local polarization (Figure 3.5¢). For a given ratio of resistances,
v, the value of K,. controls the symmetry of the distribution. Deviations from K,. = 1 result
in asymmetry. High values of K, indicate superior conductivity for the outer electrode, and
as a result the current density shifts towards the current collector of the inner electrode to
reduce ohmic losses (Figure 3.5d). Similarly for low values of K, the current density would

shift towards the current collector of the outer electrode. In fact, the current distribution for
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every value of K, is symmetric with respect to the line at z = 0.5 with the current

distribution of K, = 1/K,..

Figure 3.5b, e-g illustrate the currents within the solid phases of the two electrodes.
Initially, we consider electrodes with the same conductivity. At low values of v, the current
distribution is uniform and as a result the current in the solid phases changes linearly with
the distance from the current collectors (Figure 3.5e). With higher values of v, the current
density is high close to the current collectors and low in between. As a result, the current
in the solid phases changes significantly close to the current collectors and remains roughly
constant in between (Figure 3.5f). When the conductivity of the electrodes is not identical,
the current in the solid phase will travel preferably in the electrode of the highest
conductivity. This results in shifting the current density closer to the least conductive

electrode to minimize the distance it must travel within it (Figure 3.5¢).
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Figure 3.5 - a) Schematic of the current density distribution for a tubular flow reactor. b)
Schematic of the distribution of the current in the electrodes for a tubular flow reactor. c)
Current density distribution for different values of the parameter v and for Kr=1. d) Current
density distribution for different values of the parameter Kr and for v=1. Distribution of the
current in the electrodes for e) Ki=1 and v=1, f) K=1 and v=10, g) K~=10 and v=10.

To evaluate the accuracy of the linear approximation we compare the analytical

solution with the solution obtained by COMSOL when simulating the secondary current
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distribution with Butler-Volmer kinetics. The simulations were done at different current
densities to show how increasing polarization can cause deviations from the analytical
model (Figure 3.6). The comparison shows that at 1 mA cm the average error is 3%, at
100 mA cm the error increases slightly to 5%, and at 1000 mA cm the error jumps to
21% showing that the linear approximation becomes less accurate at high polarization
(Figure 3.5). The parameters used for both the analytical solution and COMSOL are shown

in Table 3.1and Table 3.2.

a iraw =1mA cm™2 b . irav = 100 mA cm™2  «. . irae = 1000 mA cm—2

= = Analytical - = Analytical — = Analytical
—COMSOL

—COMSOL —COMSOL

i, /T (cm™2)
o
ot

i, /I (cm™2)
o
ot

0 0.5 1 0 0.5 1 0 0.5 1
x/L x/L afL

Figure 3.6 - Comparison of the normalized current distribution predicted by the analytical
model with linear kinetics and by COMSOL with Butler-Volmer kinetics a) at 1 mA cm™
b) at 10 mA cmc) at 1000 mA c¢m

Table 3.1 — Parameters used when using the model equations to visualize trends in the ASR
of a tubular Vanadium Flow Battery as a case study. The values depicted are typical values
found in parallel plate VRFB studies in the literature.

Parameter Value Units Ref.
R.i1 0.1 Q cm? 66
R.i2 0.1 Q cm? 66

w 100 um 67
K 0.1 Scmt o7
Ke 0.3 Scmt 50
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Table 3.2 - Geometric parameters used in the COMSOL simulation and the analytical
solution to evaluate the deviation at high polarizations.

Parameter Value Units
T 1 mm
T 0.5 mm
T2 1.3 mm
T2.0 2.6 mm
L 10 cm

04 820 Scm

o, 820 Scm

3.3.2 Electrode Potential Distribution along the Reactor Length

Ohm’s law can be used to obtain the potential distribution on each electrode:

I = _Ac101%
1 L dz (54)
I = _Aczaz%
2 L dz (55)

Integrating Eq. (54),(55) we obtain the dimensionless potential at each location of

the electrodes relative to the potential of the corresponding current collectors:

¢1(z) — Q1,0 = (56)
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K, (cosh(vz) + K, cosh(v(z — 1)) — K, cosh(v) — 1 1
K, +1 v(1 + K,) sinh(v) 1+K,~

(pZ(z) - (p;,z=1 =

i K,
< (I —-2)

K.+ I1\I+K,

cosh(v) + K,. — cosh(vz) — K, cosh(v(z — ]))
* V(I + K,) sinh(v) > -

Where:

¢1(2) — P1,z=0
il )

¢1(2) — ¢1(0) =

Ac101 - A0z (58)
. . ©2(2) — @22=
(pZ(Z)—<p2(1)= 2 1 2Z11
IL|\7—+ 55—
(Ac101 Aczaz) 59)

The results are shown in Figure 3.7a-c. Assuming a current is flowing in the positive

z-direction, the potential of both electrodes is decreasing. When the conductivity of the two

electrodes is identical (K. = 1) the ohmic potential drop is the same in both electrodes

regardless of the value of v. The value of v affects the linearity of the potential distribution.

For higher values of v, the potential changes roughly linearly except close to the current

collectors, whereas for lower values of v the potential does not show linear regions (Figure
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3.7a,b,). This shows that when the ohmic resistance of the electrodes is dominant, the
electrodes act as ohmic resistors. When the electrodes have different resistances the ohmic
potential drop is not the same for both electrodes. The case for a more conductive outer
electrode is shown Figure 3.7c. In this case the ohmic drop is higher for the least

conductive electrode.

‘t‘(f)
(0]

Ch

0 0.5 1" 0 0.5 1 "0 0.5 1
/L z/L z/L

Figure 3.7 - Inner (blue) and outer (red) electrode potential distribution a) K=1 and v=1,
b) K=1 and v=10, ¢) Kr=10 and v=1.

The potential difference between the two electrodes at each location along the length

of the battery can be calculated by rearranging Eq. (21):

_ _Riedny
91(2) —2(2) —U = — L dz 60)
_IR{,v (cosh(vz) + K, cosh(v(z — ]))
01(2) = 92(z) ~U =—7 ( (I + K,) sinh(v) ) 61)

3.3.3 Reactor Resistance and Area Specific Resistance
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Another very important metric of an electrochemical reactor is its resistance. The
total resistance of the tubular reactor can be calculated from the following equation, using

Eq. (56)-(61):

R = 91(0) — (1) - U
tot = i ©2)

In contrast to the parallel plate reactor, the electrodes and the separator of the tubular
reactor do not necessarily have the same geometric surface area. Therefore, the resistance
can be normalized by the surface of either electrode or the separator. In this analysis, to
obtain an area specific resistance for the reactor we choose to normalize by the separator
surface area. After multiplying Eq. (60) by the separator surface area and substituting for

the potential difference we get:

ASR = 2nr,RY,, (v coth(v)

K, 2v+v?sinh(v) — 2vcosh(v)>

+
(1+K,)? sinh(v) 63)

This formulation of the ASR includes contributions from both the charge transfer
resistance and the ohmic resistance since in the tubular reactor it is not straightforward to
isolate the individual components. The expression in the parenthesis depends on the
electrode properties, geometry, and relative conductivities of the two electrodes. As the
electrode length approaches zero, leading to v also approaching zero, the term in the
parenthesis tends to one. Since the term in the parenthesis is bigger or equal than one, in

the limiting case of v going to zero, we reach the minimum ASR:
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ASRmin = lim ASR = 2m1R" o, 64

The minimum ASR is proportional to the sum of the resistances in the radial
direction, which include the charge transfer resistance of each electrode surface, the
resistance of the electrolyte and the resistance of the separator (Eq. (13),(14),(19),(20)).
These resistances depend on the reaction kinetics, on the conductivities of the electrolyte
and the separator, as well as the geometry of the reactor. Specifically, the geometry's impact
on the minimum ASR is determined by several factors: the radius of the inner electrode,
the inner diameter of the outer electrode, the membrane's radius, and the gap between the
electrodes. The principal variables that will be explored are the inner electrode radius, 7,
and the gap between the inner electrode and the outer electrode, d (Figure 3.8a). By
assuming equal electrolyte volumes in the inner and outer flow channels, we can calculate

the membrane's radius, 7, based on these two parameters:

Lr((ry + d)? —12) = Ln(r? — 1rf) (65)

An expression for the minimum ASR that depends on material properties and the

geometry can be obtained by Eqg. (64) and Eqg. (13),(14),(19),(20):

Rier Rerz w 1 )

2Ty 2Wry,  KG2WMYry  2MKe T (66)
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s s w s 3
ASR in = _Rctl +_Rct2 +__|__]n_'
T T K K T
1 2,1 S el 1 (67)

The ASRmin is plotted in Figure 3.8b-e for a vanadium flow battery as a case study.
The charge transfer resistances, the electrolyte conductivity and separator conductivity
used are typical for a vanadium flow battery and are shown in Table 3.1. In Figure 3.8b,d
, We keep the inner electrode's radius constant but change the space between the electrodes.
At both 0.1 mm and 1 mm electrode radius we observe the same increasing trend with the
interelectrode distance. This rise in resistance is mainly due to the electrolyte, as ions have
to travel a longer distance when the gap is larger. With smaller electrode radius, this
increase in resistance is more pronounced, and there is also a bigger impact from the
resistance due to charge transfer at the inner electrode. This behavior can be explained by
the smaller surface area of the inner electrode for both the reaction and the ion conduction
in the solution. In Figure 3.8c,e the interelectrode distance is kept constant and the radius
of the inner electrode varies. The ASR is plotted for two different electrode gaps of 1 mm
and 2 mm. In both scenarios, the minimum ASR first drops as the electrode gets thicker
but then levels off. This pattern suggests that when the inner electrode becomes too small,
its small surface area negatively affects the minimum ASR. Depending on the properties
and the interelectrode gap, there is a certain thickness-a ‘critical radius’-where the ASR
stops decreasing and plateaus. Making the electrode thicker beyond this point doesn't
improve the reactor’s performance and would only make the electrode larger, thus
increasing the footprint. As seen in the previous figures, increasing the gap mainly raises

the resistance due to the electrolyte and charge transfer at the inner electrode.
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Figure 3.8 - a) Changes in reactor geometry by changing interelectrode gap or radius of
inner electrode b) Minimum Area Specific Resistance variation with interelectrode gap
when radius of inner electrode equals to 0.1 mm c¢) Minimum Area Specific Resistance
variation with inner electrode radius when interelectrode gap equals to 2 mm d) Minimum
Area Specific Resistance variation with interelectrode gap when radius of inner electrode
equals to 1 mm c¢) Minimum Area Specific Resistance variation with inner electrode radius
when interelectrode gap equals to 1 mm
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Regarding the total ASR, the impact of the parameters v and K, is illustrated in
Figure 3.9a. Regardless of the value of K, the ASR is increasing with increasing v. This
indicates that the ASR increases with increasing electrode length and with increasing
electrode ohmic resistance relative to the radial resistance (Eg. (28)). The lowest ASR is
achieved when K, is close to zero or infinity, which occurs when one electrode is much

more conductive than the other. Conversely, ASR peaks when K, is equal to one.

To delve deeper into the ASR, the case of one controlling electrode will be examined
using realistic numbers. Assuming the outer electrode is perfectly conductive, we focus on
how the inner electrode's properties affect the ASR. A critical aspect is determining a
maximum electrode length before ASR notably increases, given that ASR increases with
v. This exploration involves considering both material properties and reactor geometry. In
Figure 3.9b we plot the average ASR for reactors up to 50 cm in length with an ASRmin of
1 Ohm cm?, a separator of 2 mm diameter and an inner electrode of 1 mm diameter for
different inner electrode materials (Graphite: 8.2x10? S cm™?, Ti: 2.4x10* S cm™, Cu: 6x10°
S cmY). The results indicate that with graphite, at 10 cm length, the ASR of the reactor has
already doubled. Ti can reach up to 30 cm before the ASR doubles, whereas Cu does not
show any significant increase up to 50 cm long reactors. The electrical conductivity,

therefore, has a significant effect on the variation of the ASR with the reactor length.

Furthermore, we analyzed how the reactor geometry affects the total ASR, as shown
in Figure 3.9c¢,d, by varying the inner electrode's diameter and the gap between electrodes,
with titanium as the material of choice. The change in the inner electrode's thickness has
a dual effect on the reactor's resistance: its influence on both the minimum ASR and the

variable v, which depends on ASRmin and the inner electrode cross-sectional area (Ac1).
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This dual influence is evident by a reduction in ASRminand a mitigated increase in ASR
with reactor length, demonstrating the positive role of increasing inner electrode radius on
the total ASR (Figure 3.9c). From Figure 3.9b we observed that low conductivity
negatively impacts the ASR and Figure 3.9c shows that for a given conductivity an increase
in electrode diameters decreases the ASR. These observations indicate that a low
conductivity material requires a larger electrode to maintain a low ASR, whereas a high
conductivity material can use smaller electrodes without significantly sacrificing
performance. The effect of decreasing the gap between the electrodes is shown in Figure
3.9d. A narrower gap lowers the electrolyte resistance and therefore has a direct effect on
the ASRmin. The variation of the ASR with the length is not significantly affected by the

interelectrode gap.
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Figure 3.9 - a) Ratio of ASR to minimum ASR variation with v for different values of K
b) Total ASR variation with tubular reactor length for different inner electrode materials
and ASRmin=1, rs=1 mm, r1=0.5 mm. c) Total ASR variation with tubular reactor length for
Ti inner electrode with different radii and interelectrode gap of d=0.5 mm. d) Total ASR
variation with tubular reactor length for Ti inner electrode with different interelectrode
gaps and inner electrode radius of ri=1 mm.

3.3.4 Porous Electrode Theory and Tubular Reactor Model Comparison

Even though the tubular reactor model is analogous to the model of the porous
electrode, the dependence of the ASR on the characteristic length-thickness or length-is
different. The ASR of the porous electrode, derived by Newman and Tiedemann, shows a
minimum as the thickness of the electrode increases, while the ASR of the tubular reactor

increases constantly with increasing length.®3% The reason for this different behavior is
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caused by the way the resistance is normalized to area specific resistance. To demonstrate
this, we compare a symmetric parallel plate reactor with porous electrodes with a tubular
reactor (Figure 3.10a). The total resistance of the planar reactor can be obtained by the

following formula:

Rplanar = ZRp + R; (68)

Where R,, is the total resistance of each porous electrode and R, the resistance of the

separator. The total resistance and the ASR of the porous electrode differ only by the

geometric surface area, A,, with the dependence on the parameters v, and K,. ,, being the

same:*?

2+ (% + g) cosh (vp)

1 L
R,=——"-[1
P A,o+k * vpsinh (v,,)
(69)
L 2+(£+E)cosh(v)
ASR, = —2— ko 2
P o4k v,sinh (v,)
p p
(70)

Where L,, is the thickness, k and o the conductivity of the electrolyte and the solid

phase, respectively. The parameter v, and K., are defined as follows:

al3 1 1
v =—2L (— + —)
Rip\o Kk (1)
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(72)

Where R ,, is defined similarly to R..; and R, , but for the reaction taking place in
the porous electrode. Here the parameter v,, expresses the ratio of the ohmic resistance to
the charge transfer resistance and the parameter K, ,, the ratio of the conductivity of the
electrolyte to the conductivity of the solid phase of the porous electrode. To compare the
trends in the ASR of the two models, it is useful to compare the dependence on the
parameters v, and v since the characteristic length of each model is proportional to the
corresponding dimensionless parameter. By eliminating the characteristic length from the

ASR of the porous electrode we get:

1
h Reepok - 2+ (Kr,p + m) cosh (v)
P (0 +K)al|? sinh (v;)

(73)
In the tubular reactor model, the total resistance can be written as follows:
. 2+ (K, + i) cosh (v)
R = R0t Ac101420; . r K.
rot (Ac101 + A202)3 sinh (v)
74)

However, the ASR of the tubular reactor is obtained by multiplying by the length of

the reactor and the circumference of the membrane:

ASR = 2nr,LR;o; (75)
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And after eliminating the characteristic length:

1
2+ (K ++— h
ey ( . Kr) cosh (v)
(Ap101 + App0,)? sinh (v)

ASR = 2n—"‘sthotAclO_lACZO-Z

(76)

It is clear from Eq. (73) that the ASR of the planar reactor has the same dependence
on the thickness as the ASR of the porous electrode, since the resistance of the separator is
not affected by the thickness of the electrodes. To compare the two configurations, we plot
the dimensionless ASR of the porous electrode and the dimensionless ASR of the tubular
reactor (Figure 3.10b). The ASR of the porous electrode shows a minimum whereas the
ASR of the tubular reactor, interestingly, only increases. In a porous electrode, there are
two regimes for the ASR. For thinner electrodes, the charge transfer resistance is the main
contributor to the resistance of the electrode, since the interfacial area is low (Figure
3.10a,b). Therefore, increasing the thickness decreases the resistance of the electrode and,
since the membrane surface area is constant, the ASR decreases as well. When the
minimum of the ASR is reached, the interfacial area ceases to be the limitation and the
ohmic resistance of the electrolyte and the solid phase becomes the controlling factor. As
a result, further increasing the thickness increases the ASR of the electrode (Figure
3.10a,b). These trends can be mathematically derived from Eq. (73) assuming very thin or

very thick electrodes:

1
ASR, <« — ,when L, - 0
p a7
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ASR, < L, , when L, > oo (78)

For the tubular reactor, the total resistance of the reactor follows the same behavior
as the total resistance of the porous electrode, experiencing a minimum with the length (Eq.
(74)). However, the ASR of the tubular electrode is calculated based on the surface area of
the tubular membrane which, in contrast to the porous electrode, increases with the length
(Figure 3.10a,b). The initial decrease in the total resistance of the reactor is accompanied

by an increase in membrane surface area, keeping the ASR constant. From Eq. (76):

1
ASR och,WhenL -0

(79)
ASR « LZ ,When L > o (80)
a. Interfacial area limited Ohmic resistance limited b. 10* T
1 ASR. o L - Porous electrode
ASRp x L_p P P, —Tubular reactor
) 10% L Increasing thickness/length
Increasing
thickness )
n 10°F
= <
1 . 2
ASR o 7 x L Increasing ASR o L '
length 10%F
10°

102 10! 10° 10" 10?

v

Figure 3.10 - a) Comparison of the ASR of the porous electrode model and tubular reactor
model. b) Dependence of dimensionless ASR of the porous electrode model and of the
tubular reactor model on the dimensionless parameter v.
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The porous electrode theory with linear Kkinetics can also be combined with the
tubular reactor model when porous electrodes are used in a tubular reactor. The analysis
followed in this work is based on a flow-by configuration with the reaction occurring
directly on the surface of the electrodes (Figure 3.11a). The addition of a porous electrode
can lead to two more configurations that have been used in tubular reactors: flow-by with
porous electrode and flow-through with porous electrode (Figure 3.11b,c).1"% To model
the flow-by with porous electrode configuration, R.;; and R, can be replaced by porous
electrode resistances, while keeping the electrolyte resistance for the space between the
porous electrodes and the separator (Figure 3.11b). Similarly, the flow-through with porous
electrode configuration can be modelled by replacing the charge-transfer resistances with

porous electrode resistances and removing the electrolyte resistance (Figure 3.11c).

Flow-by with Flow-by with Flow-through with
planar electrode porous electrode porous electrode

Figure 3.11 - a) Flow-by electrodes b) Flow-by (porous) electrodes c) Flow-through
(porous) electrodes

3.3.5 Limitations of the Model

The approach followed in this work simplifies the complex phenomena that occur in
an electrochemical flow reactor to allow analytical solution to the equations. The linear

kinetics solution limits the applicability of the model in low polarization scenarios, that is
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overpotentials of 10 mV or less.*® For high active species concentration, the absence of
mass-transport limitations in low polarizations is a realistic assumption. However, the Tafel
kinetics solution that is presented in the Appendix ignores any mass transport limitation,
which typically appears at high polarizations. Such an assumption can lead to an
overestimation of the current density in parts of the reactor that the limiting current would
be reached. The assumption of constant concentration of active species along the length of
the reactor limits the validity to low single pass conversion operation. Low single pass

conversion occurs when the total current is low or the flowrate is sufficiently high.

3.4 Conclusions

An analytical model for tubular electrochemical reactors has been developed for the
first time. This model offers insight into how the geometry and material choices impact the
reactor’s performance. A key discovery in our study is that the tubular flow reactor can
show uneven current distribution under certain conditions, notably when electrodes have
high resistance or small cross-sectional areas, leading to poor electrode utilization.
Furthermore, our analysis has identified a critical electrode radius, that optimizes reactor
performance while maintaining minimal reactor dimensions. It is evident that reducing the
electrode gap is advantageous, as it directly lessens electrolyte resistance. Another
significant finding is the increase in the ASR of reactor with the length. Reactors utilizing
highly conductive electrodes can mitigate the ASR increase, enabling higher power
outputs. Looking forward, this model provides a set of tools that can be used for
preliminary assessment of tubular reactor designs before more accurate and thorough

computational methods are employed.
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CHAPTER 4. ENHANCED SCALABILITY IN MICROTUBULAR

VANADIUM FLOW BATTERIES VIA COPPER ANODES

4.1 Introduction

Scaling up microtubular vanadium flow batteries is critical for improving their
commercial viability and practical application in energy storage systems. However, their
scalability has not been proven yet. The analytical model for tubular reactors indicates that
this geometry is susceptible to an increase in the ASR as the length of the battery increases.
This increase in resistance presents a significant challenge to scalability, as it directly

impacts battery performance by reducing energy efficiency.

A potential solution to this problem is the use of highly conductive electrodes. The
conductivity of an electrode is determined by the material's intrinsic electrical properties
(resistivity) and its cross-sectional area. Electrodes with low resistivity and larger cross-
sectional areas can mitigate the increase in resistance. However, in the context of
microtubular reactors, design constraints limit the size of the electrode. For example, the
diameter of the inner electrode needs to be less than 1 mm if the membrane’s inner diameter
is 1. mm. This condition restricts the possibilities for increasing the cross-sectional area of
the electrode as a way to increase its conductivity, leaving only the electrical resistivity as

the means to mitigate the ASR increase.

In flow battery applications, the selected electrode materials must satisfy additional
criteria, apart from low resistivity, such as chemical stability, minimization of side

reactions and cost. Chemical stability is crucial to prevent degradation or corrosion during

66



battery operation, meaning the materials must be compatible with the electrolytes.
Furthermore, the electrode surface must act as an effective catalyst for the redox reactions
occurring in the flow battery, while minimizing unwanted side reactions. Finally, cost
considerations are essential, as the electrode material needs to be affordable to keep the

overall capital cost low.

In conventional Vanadium flow batteries, graphite has been the most ubiquitous
electrode satisfying all of these requirements to a very high degree. Chemical stability in
both anolyte and catholyte, facile kinetics for the VVanadium reaction while suppressing the
Hydrogen Evolution Reaction (HER), and low cost. However, in microtubular VRFB use
of graphite-based materials may not be ideal. Fiber-shaped batteries have shown high
resistance when using graphitic carbon fibers as electrodes.®® In Zn-I microtubular flow
batteries the use of carbon fibers gave a high HFR.1®® These findings indicate that

graphite’s resistivity may not be low enough for this geometry.

In this work, we present copper wires as anodic electrodes to enhance the scalability
of microtubular vanadium flow batteries. Our findings demonstrate that while graphite-
based materials are effective for small, lab-scale batteries, they lead to high area-specific
resistance (ASR) and limit scalability in larger systems. A systematic electrode selection
process is outlined, identifying copper as the most promising alternative based on cost and
conductivity. Copper electrodes exhibit more reversible kinetics for the anodic reaction,
lower ohmic resistance, and higher current densities than graphite-based materials,
ultimately leading to improved performance and scalability. However, cycling
performance revealed stable operation with a slight reduction in coulombic efficiency,

primarily due to the faster hydrogen evolution reaction (HER) on copper.
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4.2 Methods

421 Materials

Microtubular flow batteries were made with microtubular membranes purchased
from Perma Pure. The ID of the membranes used were 2.17 mm and 1.32 mm, with 254

um and 127 um wall thickness respectively.

Graphite materials were purchased from Ohio Carbon Blank Inc. The rods used were
1.5 mm in diameter and 15 to 20 cm in length. The OD of all graphite tubes was 0.24 in
and the inner diameter (ID) ranged from 0.125 in to 0.185 in. The graphitic carbon fibers
were supplied by Toray Composites (Item #: T700SC-12K-50C). The carbon fibers were

heat treated before use to carbonize the polymer sizing.

Cu wires and tubes were purchased from McMaster-Carr. Two wire diameters were
used, 1.64 mm and 0.5 mm with lengths ranging from 15 to 20 cm depending on the
experiment. The copper tube used had 0.25 in OD and 0.18 in ID. Copper was sanded to

remove surface oxides and then sonicated in ethanol before use.

4.2.2 Flow Cells

Each tubular flow battery was made using three polypropylene tee compression tube
fittings (for 0.25 in. tube OD, McMaster-Carr). Fluorinated ethylene propylene (FEP)
tubing (for 0.25 in. OD, McMaster-Carr) were used to house the electrolyte inside the flow
cells. The graphite tubes were used as electrodes in the active section of the cell.
Comparisons between Cu wire and graphite rods were conducted in membranes with

diameters of 2.17 mm, while comparisons between the carbon fibers and the Cu wire were
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conducted in membranes with diameter of 1.32 mm. J-B WELD Epoxy Adhesive
(Grainger, Inc.) was used to seal where necessary. Teflon tape (Swagelok) was used to on
the threads of the fittings. The electrolytes were circulated using two Masterflex L/S
Standard Digital PTFE-Tubing Pump Systems supplied by Avantor. For the symmetric
flow battery experiments the outlet of the outer flow channel was connected to the inlet of
the inner flow channel and therefore one single anolyte reservoir was used. The flowrates
were set at the maximum value possible to minimize mass transport limitations, since the
focus of this work is the resistive losses. The maximum flowrate is limited by permeation

through the graphite tube when the fluid pressure increases significantly.

4.2.3 Electrochemical Characterization

The electrochemical testing was performed with a Bio-Logic SP200 Potentiostat

utilizing four-terminal testing to eliminate contact resistances,

Cyclic voltammetry tests were performed using a three-electrode setup. Working
electrodes were Cu wires and graphite rods as described in the Materials section. The
counter electrode was a 0.25 in. carbon rod and the reference electrode was Ag/AgCl in
3M NaCl (Bio-Logic). Five mL of electrolyte was used with composition 1 M H2SO4
(Sigma-Aldrich) and 0.1 M V3* (VCls, 97%, Sigma-Aldrich). The solution was purged with

argon before testing.

Electrochemical Impedance Spectroscopy (EIS) spectra were collected at OCV with
a voltage amplitude of 10 mV and a frequency range of 200 kHz to 0.1 Hz. The high
frequency x-intercept of the Nyquist plot or high-frequency resistance (HFR) was used to

estimate the ohmic losses.
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The polarization curves were obtained by chronoamperometry measurements. Each
measurement involved applying a voltage for 1-2 minutes until current stabilization and
then OCV for the same duration until the current became approximately zero. Each positive
polarization voltage step was followed by a negative step of equal magnitude to minimize
variations in the SOC of the electrolyte. The voltage steps were either 10 mV or 20 mV.

The last current data points were collected to create the polarization curve.

Galvanostatic cycling was performed between 1.0 V and 1.6 V. The volume of

electrolyte used was 6.5 mL and the composition was 1.6 M V3°* with 4.25M H2SOa.

4.3 Results

In Section 2.3.7 we showed the limitations that carbon fibers have in microtubular
VRFBs in terms of high ASR and scalability. A carbon rod electrode showed lower ASR
due to the higher cross-sectional area, but the ASR remained much higher than that of its
parallel plate counterpart.*’ These observations, along with the analytical model’s
prediction (Section 0) indicated that Graphite-based electrodes do not fulfill the

requirements for a high performance and scalable microtubular VRFB.

4.3.1 Anode Material Selection Process

To seek alternative materials, more suitable for microtubular VRFBs we adopted a
screening approach. Material conductivity was the first property we considered, with the

condition of being higher than graphite. Radioactive elements were excluded.

In Figure 4.1a we show the materials of the periodic table that are more conductive

than graphite.”* The second criterion was stability in the electrolyte. We focused on
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materials which can maintain their pure form, and this is possible only in the anolyte. A
cathodic electrode would require a broader screening process that includes the possibility
of passivation of these materials and the inclusion of alloys; however, this is beyond the
scope of the current study. The stability was determined on the basis of the material’s

equilibrium reduction potential:
M*™€ + ne” -> M

A threshold value for the equilibrium potential for these materials needs to be
defined. Materials whose equilibrium potential is above the anolyte potential are expected
to be stable. The potential range of the anolyte from 0.1% to 99.9% SOC is shown in Figure
4.1b. Since VRFBs are typically cycled between 20% and 80% SOC, a safe choice could
be 1% SOC.” This number is -0.142 V vs SHE. The elements that their equilibrium

potential is above this threshold potential value are shown in Figure 4.1¢.”
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Figure 4.1 — a. The elements of the periodic table that are more conductive than graphite
b. The potential of the anode as the SOC changes (black line) and the potential at 0.1%
SOC (red line) c. The elements of the periodic table whose standard reduction potential is
above the potential at 0.1% SOC."%."74

Based on stability and conductivity we narrowed down the candidates to a few
metalloids and transition metals. To further classify these materials, we evaluated the
conductivity again while also considering the cost. Precious metals for example, even
though they are highly conductive they may be too expensive for such an application, given
that the ultimate goal of exploring the microtubular reactor configuration is to lower cost.
In this comparison, the conductivity was evaluated based on the estimated percentage
increase of the ASR. We estimated this ASR increase using an analytical model developed

by Filippas et al.” The cost of the material was estimated in USD per m? of membrane for
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a tubular membrane of 1 mm diameter and a wire electrode of 0.75 mm diameter (Table

4.1).

To obtain a more tangible metric of the effect of the material conductivity on the
performance, we estimated the percentage increase of the ASR for a reactor of 50 cm length
compared to one of infinitely small length where the electrode resistance has no practical
contribution to the ASR. For this estimation we used Eg. (63) assuming a highly
conductive outer electrode (K,- — oo0), membrane and inner electrode dimensions the same

as the ones used for the cost estimates (Table 4.1):

ASR th(v)
=VvcCo v

Where:

L 27

v =
Vo1 |ASRynty?

(82)

The Kinetic, electrolyte, and separator resistance appear in the parameter ASRmin
which is assumed to be 1 Q cm? due to the lack of literature data for the kinetic resistance

of all these materials.

Figure 4.2 shows the cost and the ASR increase combined. We see that Cu, Ag, and
Au show negligible increase in the ASR, followed by the platinum-group metals. All these

materials, most of which are precious metals, have significantly high costs with only Cu
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having a very low cost due to its high availability. The metalloids are also low cost,

however, their ASR at 50 cm is more than double the initial ASR.
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Ag Cu Au Rh Ir Ru Os Pd Pt As Sb Bi

Figure 4.2 - The percentage ASR increase from a infinitesimally short electrode to a 50 cm
electrode and the cost of the electrode material.”

Table 4.1 — Parameters used in the estimation of the ASR of a 50 cm long electrode.

Parameter Value Units
12 0.75 mm
T 1.00 mm
L 50 cm
ASR ,in 1 Q cm?

Last and foremost are the kinetic properties of these materials. The dominance of
graphite-based electrodes in the parallel plate cells has left most other materials
unexplored.””~"® Non-carbon materials have been mainly implemented as catalysts
deposited on a graphite-based materials rather than electrodes themselves.*®88 Among
the materials that have passed the previous criteria, Ag and Cu have been studied as
nanoparticles deposited on graphite felts.8282 The metalloids, especially Bi, have also been

studied as catalysts, however their conductivity seems to be low for the microtubular design
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(Figure 4.2).3487 These materials that are good catalysts but not good enough conductors
could be used as coatings on a more conductive but less catalytically active material to

create an effective “composite” electrode.

Based on all these criteria, Cu seems to be the most promising option in terms of
scalability and cost. It needs to be determined whether the theoretical estimates for its
scalability are valid and whether it is a good enough catalyst towards the anodic reaction.
To examine the kinetic properties, we used a graphite rod and a copper wire. In Figure 4.3a
we compared the cyclic voltammograms of the two materials. The CVs contained three
key features: a vanadium peak at around -500 mV, HER peaks below -800 mV, and copper
dissolution-deposition peaks between -200 mV and 0. The vanadium reaction regime was
further studied with the Laviron method (Figure 4.3b,c).88 CVs were obtained at different
scan rates and the peak separation was recorded. The peak separation for copper was
significantly smaller than that of graphite indicating higher reversibility (Figure 4.3b). With
the increasing scan rate, the peak separation increased for both materials which is a sign of
quasi-reversible kinetics (Figure 4.3b,c). The slope of the peak separation and the logarithm
of the scan rate is inversely proportional to the kinetic constant of the reaction.8% As a
result, the copper wire that exhibited the smaller slope is expected to exhibit faster kinetics

towards the anodic vanadium reaction.
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Figure 4.3 — a. Cyclic voltammograms of Cu wire and graphite rod in V3* solution at 50
mV s? in a wide potential range showing all possible reactions b. Cyclic voltammograms
of Cu wire and graphite rod at 25, 50, 75, and 100 mV s™ targeting the potential range that
the anodic vanadium reaction occurs c. The peak separation for the two samples at each
scan rate plotted against the logarithm of the scan rate.

In a realistic setup, the stability of copper depends on the actual concentration of Cu?*
ions in the solution. According to our supplier's datasheet, the Cu** concentration was no
more than 8 uM, which corresponds to an equilibrium potential of 0.18 V vs SHE—still

significantly higher than the potential of the anolyte at 1% SOC (-0.142 V vs SHE).
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However, this contradicts the general aim of maintaining the lowest possible Cu
concentration in VRFB electrolytes, since copper ions are known to lead to parasitic
hydrogen generation in planar cells.®>2 In this tubular reactor, the electrode itself is made
of copper; therefore, the Cu®" concentration in the electrolyte needs to be sufficiently high
to ensure electrode stability in V** or even V3-°* solutions, which compromises the stringent

requirements of VRFB electrolyte composition.

While the use of copper may lead to lower coulombic efficiency and faster oxidation
state imbalance due to copper dissolution, it could also allow for the use of a potentially
lower-cost electrolyte where copper purification steps are unnecessary. Addressing this

dilemma would require a holistic techno-economic analysis that considers all these factors.

4.3.2 Copper Anode and Graphite Anode VRFB Full-Cell Testing

Moving on from the three electrode tests to battery performance, we compared the
full cell performance of a flow battery with a copper anode and a flow battery with graphite
anode (Figure 4.4a,b). Figure 4.4c shows the EIS of these two batteries, showing
significantly lower ASRHrr for the copper battery. The same conclusion was supported by
the polarization curves of the two flow batteries, with the graphite anode having a higher
slope than the copper one (Figure 4.4d). The current densities achieved by the flow battery
with the copper anode were noticeably higher than the graphite with mass transport
eventually taking over at high polarizations. Plotting the iR-free polarization curve
(current-voltage curve with the voltage corrected for the ohmic overpotential through the
ASR) we observed that copper has a significantly smaller ohmic overpotential (Figure

4.4¢). In Figure 4.4f, the overpotential breakdown at 10 mA cm shows that copper
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decreases the ohmic overpotential from 32 mV to 11 mV and the kinetic overpotential by
34 mV (assuming same mass transport overpotential). Overall, the use of copper had a dual

effect on the performance by decreasing both the ohmic and kinetic overpotentials.
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Figure 4.4 — Schematics of a. the graphite-anode flow battery configuration and b. the
copper-anode flow battery c. EIS spectra and d. Polarization curves of the VRFBs with Cu
and the graphite anodes e. The polarization curve along with the iR-free polarization curve
f. Overpotential breakdown into ohmic and non-ohmic(kinetic and mass transport) at 10
mA cm2. The flowrates of the inner and outer flow channel were 10 mL min™ and 25 mL
min respectively.
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4.3.3 Scalability Comparison of Half-Cell Symmetric Flow Batteries

One of the key arguments made in this work was that more conductive materials
would improve the scalability of the microtubular design. To validate this argument, we
used symmetric flow batteries, with both electrodes made of copper or both electrodes
made of graphite (Figure 4.5a). The experiments were done with anolyte flowing in both
flow channels. Two all-copper flow batteries were made, one 5cm long and one 10 cm long
and their EIS spectra were collected. The increase in the HFR was plotted in Figure 4.5b.
The same experiments were done for the all-graphite flow batteries. The ASR of the copper
batteries did not increase with length, in contrast to the all-graphite batteries which showed
a doubling with increased length. These experiments showed the critical roll of the

electrode material in the scalability of the microtubular design.

|
Graphite Tube 1
Inner electrode: 1
Graphite Rod I

Graphite Tube
Inner electrode:
I Cu wire

5cm 10 cm

Figure 4.5 — a. Schematic of the symmetric batteries b. Comparison of the ASR increase
over length for copper and graphite symmetric batteries. The flowrates was 15 mL min™

4.3.4 Full-Cell Cycling Performance Comparison of Copper and Graphite Anode

Figure 4.6a shows cycling performance data for the batteries in Figure 4.4b. Cycling
was performed at 3 mA cm between 1.0 V and 1.6 V. The coulombic efficiency was lower

for the copper-based battery, possibly due to the higher hydrogen evolution rate (Figure
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4.6b). The low overall CE observed is likely due to the high crossover caused by the 8hr
cycling duration. Lab-scale planar cells show similar behavior, reaching 90% or lower CE
at 4hr cycles.’”*® The reduced ohmic and kinetic overpotentials of the copper-based
battery, as shown in Figure 4.4f, led to a higher voltage efficiency (Figure 4.6¢). The energy
efficiency, being the product of the coulombic and the voltage efficiency, was lower for
the copper-based electrode which indicates that the parasitic reactions offset the benefit of

lower ohmic losses (Figure 4.6d).
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Figure 4.6 — a. Full cell cycling data at 3 mA cm for two flow batteries, one with copper
anode and one with graphite anode b. Coulombic efficiency c. Voltage efficiency and d.
Energy Efficiency comparison for the 2" to the 6™ cycle. The flowrates were 9 mL min™
and 18 mL mint in the inner and outer electrode respectively

4.3.5 Microtubular Copper and Carbon Fiber-based Anode Full-Cell Testing
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The last comparison was focused on testing smaller membranes, of 1.3 mm ID. At
this size it becomes more challenging to find suitable inner or anodic electrodes. Graphite
rods of such diameter are difficult to extrude, and even if they can be extruded, they would
be quite brittle; therefore, carbon fibers are a better option (Figure 4.7a). For copper it is
straightforward to find wires with 0.5 mm diameter or even smaller which allow the
membrane size to go below 1 mm (Figure 4.7b). In Figure 4.7c,d we show the performance
of these two flow batteries with carbon fibers and Cu wire as anodic electrodes. The EIS
spectra showed a significantly lower ohmic resistance for the Cu wire, attributed to its
higher conductivity (Figure 4.7¢). Similarly, Cu can reach higher current densities under
polarization, with a smaller slope in its linear region (Figure 4.7d). Mass transport
limitations, however, appeared even at low current densities due to the lower available
surface area. Overall, these experiments demonstrated the higher potential of Cu based
anodes in microtubular flow batteries, offering lower ohmic losses, and improving

scalability with reversible kinetics towards the anodic reaction of VRFBs.
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Figure 4.7 — Schematic of a microtubular VRFB with a. carbon fibers as anode b. copper
wire as anode c. EIS and d. polarization curve comparison of these two batteries. The
flowrates of the inner and the outer flow channels were 10 mL min* and 20 mL min™.

4.4 Conclusions

This work demonstrated that bare copper is a scalable, cost effective, and high-
performance anode material for microtubular flow batteries. Copper was rationally selected
out of all the materials of the periodic table for its unique combination of low cost, high
conductivity and stability in the anolyte of VRFBs. Cyclic voltammetry (CV) and full-cell
tests confirmed that copper not only exhibits favorable kinetic properties for the anodic
reaction but also significantly reduces ohmic resistance, improving overall performance.
Symmetric cell tests further validated copper's scalability by showing a negligible increase
in ASR with length. Graphite showed higher coulombic efficiency in cycling tests, likely
due to reduced hydrogen evolution. This research challenges the conventional reliance on

graphite and introduces copper as an alternative for microtubular VRFBs. These findings
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suggest that copper could play a crucial role in developing scalable microtubular flow

batteries.
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions

This thesis has explored the performance, scalability, and electrochemical behavior
of microtubular VRFBs, focusing on key factors such as the ohmic resistance, the electrode
configuration, and the material selection. Through a combination of experimental
assessments, analytical modelling, and numerical simulations, this research has provided
important insights into the challenges and opportunities for advancing microtubular

VRFBs and tubular electrochemical reactors in general.

The initial investigation revealed that ohmic losses significantly limit the
performance of microtubular VRFBs. By studying the effects of electrode conductivity and
configuration, it was demonstrated that the conductivity of the electrode and the uniformity
of the current distribution in the electrolyte play a key role in the ohmic resistance of the
battery. Although the coaxial configuration led to a lower areal resistance, numerical
simulations showed that it may lead to a higher volumetric resistance, suggesting that a
quasi-coaxial configuration may be a better alternative. These results emphasized the need
to carefully consider areal and volumetric performance in flow battery design, particularly

when scaling up from single-tubular to multi-tubular configurations.

Experiments showing an increased ASR with increasing battery length raised the
need for a deeper understanding of the tubular reactor behavior. An analytical model was
developed to study the current distribution and the ASR scaling of tubular reactors. The

model highlighted the impact of electrode geometry and material properties on current
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distribution, electrode utilization, and overall reactor efficiency. Key dimensionless
parameters were identified that dictate the current distribution and the reactor resistance.
A strong dependence of the ASR on electrode material conductivity was revealed,
emphasizing the need for careful material selection for tubular reactors. This model can
serve as a valuable tool for preliminary design assessment, providing foundational

understanding that can be used to optimize tubular reactors.

Building upon the insights from the model, the final experimental phase of the thesis
introduced bare copper as a promising anode material for microtubular VRFBs. Copper
was selected for its low cost, high conductivity, and stability in the anolyte, and it
demonstrated superior scalability compared to graphite. Cyclic voltammetry (CV) and full-
cell tests confirmed copper's favorable kinetic properties and its ability to reduce ohmic
resistance. While graphite exhibited better coulombic efficiency, copper’s scalability and
conductivity offer a significant advantage for larger-scale applications. These findings
challenge the conventional use of graphite-based materials in microtubular configurations
and suggest that copper could play a pivotal role in advancing scalable microtubular VRFB

systems.

At this stage of flow battery development, it is useful to compare the tubular VRFB
field with past tubular reactor development efforts in fuel cells (See 1.3). Similar to tubular
hydrogen and solid oxide fuel cells, tubular VRFBs exhibit lower areal performance
compared to planar cells. The longer current collection paths remain a challenge of the
tubular geometry, as both experiments and modeling in this thesis have shown. Highly
conductive electrodes, such as copper, can be used to mitigate resistive losses, as we

demonstrated in Chapter 4. Unlike tubular fuel cells, tubular flow batteries, especially with
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wire electrodes, have significantly less complex cell fabrication, which could be a strong
advantage. The cathodic electrode in a VRFB needs to meet corrosion resistance
requirements that are potentially more stringent than those for fuel cell electrodes due to

the highly corrosive environment at the cathode.

In summary, this thesis contributes to the field of electrochemical reactor design by
offering insight and addressing key challenges in microtubular flow reactors for VRFBs.
By optimizing electrode configurations, developing analytical tools, and proposing new
materials, this work significantly boosts microtubular flow battery performance and paves
the way for further research and development of scalable, high performance, and cost-
effective tubular flow reactors (Figure 5.1). The insights gained here can facilitate the
development of next-generation energy storage solutions, crucial for the growing demand

for renewable energy integration.
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Figure 5.1 — a. Evolution of ASR over the design generations in this thesis b. Comparison
of the ASR of the final microtubular flow battery with a Cu-based anode, the best tubular

flow battery performance in the literature along with a typical parallel plate flow battery
ASR 1847

5.2 Future Work

This thesis provides a foundational understanding of the phenomena governing
microtubular flow battery ohmic losses and performance; however, there are still questions
to be answered to holistically assess the potential of this reactor configuration. From this

work we showed that the tubular configuration has a potential for higher volumetric
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performance than the planar in a multi-tubular configuration. Before scaling up, however,
the single-tubular configuration needs to be fully understood and optimized. At the current
state of this reactor geometry, there are challenges compared to the planar due to the longer
electron conduction pathways which manifest as higher ohmic losses. Potential advantages
could appear in transport related losses since tubular configurations are known to improve

heat and mass transport in other technologies (heat exchangers, hollow-fiber modules).

a (2) 3) (4)
Ohmic resistance Electrode material Mass transport and Single to multi-
and scalability selection electrode structure tubular
» Primary and secondary » Anodic electrode » Electrode porosity » Electrode configuration
current distributions » Lowresistance 7 kpa x< AP » Electrical connections
» Electrode configuration ~ Fast kinetics »  Liquid distribution
» Resistance scaling » LowHER » Monopolarto Bipolar
» Cathodic electrode
I:I Completed or in progress D Future work

Figure 5.2 - Outline of completed and future work to be done.

5.2.1 Anode Coulombic Efficiency Improvements

The use of copper significantly reduces ohmic losses and enhances the scalability of
the microtubular flow battery. However, the lower coulombic efficiency indicates that side
reactions are more severe on copper compared to graphite, which impacts the energy
efficiency (Figure 4.6). One approach to address this issue is to use a coated wire. The
coating needs to be made of a material that catalyzes the anodic reaction while suppressing
HER. A carbon-based coating, such as a slurry of carbon nanoparticles or other carbon
materials, may be a suitable option. In fact, preliminary experiments have shown that it is
possible to coat a copper wire with a slurry of carbon black powder (Super P) (Figure 5.3).

Other possible pathways would be to coat, electrodeposit, or sputter the surface of the core
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wire with a different metal that can act as an electrocatalyst and suppress HER. Similar
approaches have been widely used in conventional planar VRFBs to improve kinetics and

suppress HER with metals such as Bi and Sh.8"%

Figure 5.3 — a. Schematic of slurry coated Cu wire b. Picture of a coated wire inside a
hollow fiber membrane. SEM picture of c. Bare wire d. Slurry coated wire

5.2.2 Cathode Electrode Design

While a highly conductive anode improves scalability, the graphite-based cathode
may eventually become a bottleneck as reactor length increases. Already the flow battery
in Figure 4.4b has a K,. of approximately 0.02 which means that the copper wire is 50 times
more conductive than the graphite tube. This conductivity difference can lead to a non-
uniform current distribution and drive an increase in ASR with length. Whether a tube or
wire outer electrode is used, it needs to be equally conductive as the anode, stable, and
catalytically active towards the V(IV)/V(V) reaction. Guided by studies in planar VRFBs,
several transition and post-transition metal oxides exhibit good stability and catalytic
properties towards the cathodic reaction. Examples include TiNb207, ZrO2, Ta20s, Nb2Os,

Cr203, MoO3, WOs, Mn3Os, CoO, NiO, PbO2, Sn02.%1% These oxides, however, may
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not be conductive enough. In such cases, a hybrid electrode could be used, with the core
being a highly conductive material and the surface modified or coated with one of these

materials.
5.2.3 Mass Transport Investigation

The thesis focused on understanding the effect of ohmic resistance. Mass transport
is naturally the next step towards performance improvements. As can be seen in Figure
4.4d and Figure 4.7d, at high polarization the current density reaches a maximum value
and it does not increase further. This maximum current density occurs when the reactants

are depleted on the surface of the electrode and it is called the limiting current density, i :

a
Am (83)

Where «a, a,, the surface area per unit volume of the electrode and the membrane
respectively, k,, the mass transport coefficient to the electrode surface, and C and
concentration of the reactant in the bulk of the electrolyte. A starting point to increase the
limiting current of the tubular batteries would be to increase the specific surface area of the
electrode. This could be achieved by replacing the single wire electrode with a multiwire
electrode, such as a bundle or a braided electrode, to increase electrode surface area per
unit volume and increase the limiting current of the flow battery.X%” The structure of the
electrode and the mass transport coefficient expected with its structure can be investigated
using both experiments and modelling. The analytical model developed in this thesis is
limited to the secondary current distributions leaving numerical simulations as the most

accurate way to study mass transport and tertiary current distributions,108.10°
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