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Abstract

The rapid uptake of wind and solar power has created an urgent need for long-
duration, grid-scale energy-storage technologies that are efficient, safe, and econom-
ically scalable. Redox flow batteries (RFBs) satisfy many of these requirements,
yet their commercial adoption is hampered by poor durability, which in part owes
to gaps in the fundamental understanding of ion transport in the concentrated
electrolytes favored for high energy density. This dissertation delivers an integrated
experimental-theoretical investigation that traces performance bottlenecks from
the cell-scale symptoms of capacity fade to the micro-scale physics that govern
ion motion in complex fluids.

Chapters [2] and [3| diagnose and mitigate the principal durability challenge in
non-aqueous RFBs: membrane fouling. Using galvanostatic cycling, impedance
spectroscopy, and a novel “canary-cell” protocol, I show that pore clogging — not
electrolyte decomposition — dominates capacity decay in vanadium acetylacetonate
systems. Flow-field redesign and active reservoir rebalancing suppress concentration
gradients across the separator and extend cycle life by an order of magnitude.

Motivated by these findings, Chapter || revisits multicomponent transport theory.
I recast the Onsager—Stefan—-Maxwell (OSM) equations in a salt—charge coordinate
system, clarifying how electroneutrality, thermodynamic non-ideality, and ion-ion
friction govern ion transport and pinpointing the assumptions that collapse the
OSM framework into the familiar Nernst—Planck form. The resulting hierarchy of
sub-models, each invoking only the transport and thermodynamic parameters it
needs, resolves coupled concentration and electrostatic-potential gradients in space
and time, enabling practical prediction of ionic fluxes.

Chapter [5| closes the property loop by measuring the viscosity, density, sound
speed, and compressibility of LiPFg in mixed-carbonate solvents over a broad
concentration range. These constitutive relations, coupled with the new transport
formalism, enable predictive simulation of concentrated-electrolyte behavior under
extreme pressure and temperature variations. Although chemically distinct, both
lithium-ion and non-aqueous RFB electrolytes combine rigid-ring solutes with flexible
linear co-solvents, indicating that mixing volumes, partial-molar compressibilities,
and related Gibbs free-energy derivatives follow generally transferable trends.

Collectively, the thesis integrates separator diagnostics, flow-field engineering,
advanced transport modeling, and comprehensive property characterisation to
build a unified picture of concentrated-electrolyte effects in RFBs. The resulting
insights shorten the path from laboratory discovery to field deployment, guiding
the design of more durable, efficient, and cost-competitive flow-battery systems
essential for a decarbonised electricity grid.
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1.1 Grid-scale energy storage

As global energy systems decarbonize, renewable electricity generation has grown
rapidly due to increased investment and adoption . Renewables accounted for
43.2% of global installed power capacity by the end of 2022, with solar, wind, and
hydro comprising the largest shares . These sources, however, are intermittent
and non-dispatchable, leading to severe temporal mismatches between electricity
supply and demand. The replacement of reliable fossil-fuel-based power plants
with inconstant renewable energy sources is forcing the power system to undergo

rapid changes [3]. The power grid was not built for extensive load balancing and
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Figure 1.1: Average hourly net power loads in California for the month of January,
using data from the California Independent System Operator [§]. Data from weekends
and major U.S. holidays have been excluded to focus on typical weekday trends.

distribution, as it was designed around readily dispatchable fossil fuels.

The fluctuation in energy production from intermittent renewable energy sources,
such as wind and sunlight, has motivated cities to redesign conventional grid
operating paradigms [4, [5]. Studies have shown that the current power grid—with
severe modifications—can only accommodate up to 20% of energy production from
renewable energy sources without the need for energy storage systems [6] 7]. The
California Independent System Operator (CAISO), for example, has faced increasing
operational challenges due to solar overgeneration during midday hours, followed by
steep ramping requirements in the evening when solar output drops and electricity
demand surges. This pattern is illustrated by “duck curves,” which depict the net
load (total demand minus solar generation) throughout a typical day. Fig. [L.1
shows duck curves for the state of California in January, from 2018 to 2022. As
solar installations have increased over the years, midday net demand has steadily
declined. However, as the sun sets and people return home and begin consuming
electricity, the grid experiences a sharp rise in load. These trends are expected to
intensify as solar and other renewable energy sources continue to expand.

In the absence of sufficient storage, grid operators are often forced to curtail

renewable generation during periods of overproduction. This not only wastes
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Pumped hydro Vanadium RFB Lithium-ion Source

Projected Cost in 205 £ 1 310 + 78 302 £+ 85 [10]

e ()

Typical Power Out- 250 - 1000 0.1-10 0.1-5 [l 11}, 112]
put (MW)

Discharge Duration several hours 2 - 8 hours min - hours  [5]
Response time sec - min sec sec [5]
Roundtrip 75-85% 70-85% 85-95% [5]
efficiency

Table 1.1: Comparison of common grid-scale energy storage technologies

clean energy but also necessitates continued reliance on fossil-fuel-based peaker
plants to maintain grid stability. Grid-scale energy storage systems (ESS) are
necessary if the majority of energy in cities is to be sourced from renewable energy
sources. By storing excess electricity during low-demand periods and discharging it
during peaks, ESS enable load shifting, renewable firming, and reduced curtailment.
Moreover, they can provide crucial ancillary services such as grid inertia and
frequency regulation |9]. These advantages have sparked interest in developing
efficient and cost-effective grid-scale energy storage technologies.

Table provides a summary of the most widely deployed grid-scale energy
storage systems. To date, pumped hydro storage (PHS) is the most mature form
of grid-scale energy storage and has the largest market share of grid-connected
storage; however, lithium-ion batteries have seen the fastest adoption over the
past five years [10]. PHS systems offer long durations (up to 12 hours or more),
high round-trip efficiencies (75-85%), and lifespans exceeding 50 years, making
them exceptionally cost-effective over the long term. However, their deployment
is limited by geographical requirements: access to water, significant elevation
differences, and suitable land use. Where these conditions are met, pumped
hydro is often considered the optimal energy storage solution due to its scalability,

reliability, and economic performance.
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The cost of lithium-ion batteries has declined by over 85% in the past decade,
catalyzing widespread deployment of battery energy storage systems. Nonethe-
less, lithium-ion technology remains cost-prohibitive for grid-scale, long-duration
applications [13]. In response, the U.S. Department of Energy has set a target
of a 90% cost reduction by 2030 for energy storage systems capable of delivering
durations exceeding 10 hours [14]. Achieving this benchmark will likely necessitate
the development of alternative electrochemical storage technologies, since lithium-
ion systems are approaching their theoretical performance and cost limits due to
decades of maturation and incremental optimization.

Beyond lithium-ion, several other battery technologies are being developed
and deployed at grid scale. Redox flow batteries (RFBs) offer the advantage that
they decouple power capacity from energy capacity, making them well-suited for
long-duration storage. RFBs typically have lower energy densities than lithium-ion
batteries but offer superior cycle life and safety. In many cases, flow batteries can now
compete economically with natural-gas peaker plants, especially when accounting
for emissions and policy incentives [15]. Vanadium redox flow batteries (VRFBs), in
particular, stand out as a mature technology, exhibiting proven commercial viability
globally. Long-term operational data from decades-old deployments demonstrate
remarkable capacity and efficiency retention [16]. Leading companies like Invinity
Energy Systems, Sumitomo Electric, and Rongke Power have spearheaded large-
scale VRFB installations. Notably, the Chinese Dalian Rongke Power project
boasts the largest VRFB installation with 200 MW / 800 MWh capacity. Similarly,
Invinity Energy Systems’ 2 MW / 5 MWh grid-connected system in Oxford, UK
[17], underscores the versatility of the VRFBs for diverse grid applications. In
parallel, the development of new organic electrolytes aims to significantly reduce
electrolyte costs, enhancing the economic feasibility of large-scale deployment.
Examples of these emerging chemistries will be discussed in later sections. Together,
the commercial maturity of VRFB technology and the potential for substantial
cost reductions through electrolyte innovation position flow batteries as a leading

candidate to meet future energy storage needs.
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Despite their promise, energy storage technologies face challenges, including high
capital costs, environmental concerns related to battery production and disposal,
and limited duration in many cases. Research into long-duration storage technologies
such as iron-air batteries, flow batteries, and hydrogen-based systems is ongoing and
essential to fully integrate renewable energy at scale. The accelerating deployment
of renewables is straining legacy grid infrastructure and introducing operational
instabilities that traditional grid planning was never designed to handle. Grid-
scale energy storage offers a versatile and increasingly economical solution to these
problems, and its rapid deployment is essential to ensure a stable, reliable, and

decarbonized electricity system.

1.2 Flow battery fundamentals

In light of the urgent need for scalable and cost-effective grid storage solutions,
redox flow batteries (RFBs) have garnered significant research attention. The
following section examines the fundamental principles governing RFB operation,
traces their historical development, defines key electrochemical performance metrics,

and identifies current limitations and pathways for technological improvement.

1.2.1 Development of the traditional redox flow battery

The first recorded development of the modern redox flow battery was in a patent
filed by Kangro in 1949 [18]. Kangro designed a system in which an active species
was dissolved in a fluid and stored in two separate tanks as electrolytes. These
electrolytes are then pumped through respective half cells to be oxidized or reduced.
This system is fully reversible, as the electrolyte is once again pumped through
the cell upon complete discharge. Notably, Kangro’s design consisted of a singular
active species that was stable in multiple oxidation states [Cr™3/Cr*2 Cr*¢/Cr*3].
Electrolyte systems that use one metal species on both sides of the RFB reactor
are referred to as single-metal chemistries. These have an inherent advantage over
dual-metal electrolyte systems because crossover of the active species between the

tanks does not result in permanent degradation of the system.
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Figure 1.2: A traditional redox flow cell configuration

Due to the high cost of chromium during development, the extremely carcinogenic
nature of the chromate and dichromate ions, and the low energy density of the
system, the chromium-based RFB was not further pursued. Rather, researchers
at NASA developed a working dual-metal redox flow battery with chromium and
iron based active species in 1974 . This replaced the oxochromium species with
relatively cheap and abundant iron (Cr™?/Cr*® and Fe™?/Fe'3). The first working
prototype of a dual-metal flow cell was based on NASA’s iron—chromium chemistry,
and that cell design is widely considered the traditional RFB configuration.

Fig. [1.2] shows a schematic of a traditional dual-metal RFB. One tank of
electrolyte (anolyte) is pumped through the anode while the other is pumped
through the cathode (catholyte). The catholyte and anolyte each pass through
a porous electrode where the respective heterogeneous electrochemical reactions
take place. Ideally, the separator between the two porous electrodes only allows
for crossover of the supporting electrolyte to complete the electrical circuit while
maintaining charge neutrality. Crossover of the active species would result in either
self-discharge or permanent electrolyte degradation. Lastly, the graphite plates act
as current collectors to connect the current leads to the power source/load.

The modular design of RFBs is perhaps one of their greatest advantages over
other battery systems. Since the active materials are stored in liquids outside
the flow reactor, the energy content is determined only by the total volume of

electrolyte. Similarly, the power capability is only a function of the reacting surface
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area, which can be altered by connecting several flow cells in series. Most traditional
batteries, based on intercalation (e.g., lithium nickel manganese cobalt oxides),
plating (e.g., lithium metal), or conversion reactions (e.g., silicon anodes) within
porous electrodes, do not permit this decoupling of power and energy. Fig.
shows a visual representation of two different RFB reactor configurations with
different power and energy capabilities.

The modularity of RFB design greatly simplifies the manufacturing process.
Scaling a RFB system’s energy or power capability only requires the trivial
construction of electrolyte tanks and relatively straightforward connection of
electrical systems. Scaling up the capacity or power of a traditional battery, by
contrast, requires modification of the entire cell-fabrication process. The percentage
of inactive materials such as binders and packaging largely remain the same for both
large and small RFB installations. Thus, RFBs are prime candidates for large-scale
energy storage applications where energy density is not the primary consideration.

Following NASA’s development of the Cr/Fe flow battery, a variety of electrolyte
chemistries and hybrid flow configurations have been explored and implemented.
While these various chemistries and hybrid configurations will be explored in future
sections, the most notable and well-researched of them is the all-vanadium redox
flow battery. This single-metal system was first developed by Skyllas-Kazacos et al.

in 1986 [20]. The cell half-reactions at a very low pH in sulfuric acid are

VO,' 4+ 2H" + ¢~ = VO** + H,0, E®=1.00V vs. SHE (positive electrode)
(1.1)

and
V3 pem = V*, E®=-0291Vvs. SHE (negative electrode) (1.2)

leading to an overall cell reaction (with the discharge reaction producing products,

and recharge returning to reactants) of:

VO, 4+ V2 4 2H" = VO** + V¥ + H,0 (1.3)
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a)

Figure 1.3: A traditional redox flow cell configuration with an a) increased active surface
area for higher power capability and b) increased volume of electrolyte for higher energy
capacity.

The half-reactions have been proven to be highly reversible and stable with fast
kinetics. This, in combination with decades of research and enhancements in
materials and cell design all contribute to a relatively high overall energy efficiency
of 88% while accounting for pumping losses [21123]. Very few practical electrolyte
systems have been able to match the energy efficiency and long-term stability
of the aqueous VRFB.

While companies have been installing VRFBs for more than a decade ,
many studies still show that this battery does not meet the cost requirements for
broad market penetration [25, [26]. The largest cost associated with the battery is
the electrolyte itself, which contributes to 60% of the total cost . Vanadium

remains quite expensive, and its cost is not projected to decrease significantly
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with economies of scale due to its scarcity. Additionally, the Nafion membrane
used throughout all VRFB contributes to 30% of the total cell cost. The cost of
these two components is the primary factor preventing widespread adoption of this
technology. In addition to economic considerations, several practical considerations
make the implementation of this battery unfeasible. The corrosiveness and toxicity
of the vanadium electrolyte (stored at very low pH) possess safety concerns while
the narrow optimal operational range between 10 and 40°C would necessitate an
active heat management system [28]. Researchers have been attempting to develop
electrolyte systems that are less harmful to the environment while being significantly

cheaper than the state-of-the-art VRFB — a task that has been proven quite difficult.

1.2.2 Development of hybrid electrolyte systems

Several RFB literature reviews have classified and summarized the various electrolyte
chemistries [2933]. In general, all flow batteries can be classified as either a one-
phase all-liquid electrolyte system or a hybrid system that utilizes two different
phases (suspension, solids, or gasses). Fig. shows a visual breakdown of
common electrolytes and their place in the RFB community. Simple inorganic
ions in all-liquid RFBs were the starting point for electrolyte development since
they have relatively simple chemistries with high solubilities in aqueous solvents.
As research progressed, the all-vanadium flow battery had the best performance
among other inorganic liquid phase electrolyte systems but was deemed economically
unfeasible for widespread adoption [34]. The three primary methods of decreasing
the cost of similar RFBs are to: 1) increase the standard cell potential per mole
of active species, 2) increase the solubility of active species to allow for higher
current densities, and 3) avoid expensive metals such as vanadium altogether by
using all-organic electrolyte systems.

To allow for larger cell potentials, several studies explored the use of nonaqueous
solvents such as acetonitrile (ACN) and propylene carbonate (PC) [35-37]. These
solvents are stable over a larger potential difference than water, as they are not

limited by Hy and Oy evolution. While aqueous batteries can operate stably at or
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Figure 1.4: Overview of electrolyte systems and RFB configurations: a) classification
of various half-cell electrode reactions used in RFBs; b-d) visual representations of RFB
configurations when different half-cell reactions are combined in a RFB; and e) comparison
of common performance metrics of existing organic flow battery systems. Adapted from

Leung et al.

even slightly beyond this thermodynamic window through favorable thermodynamics
and kinetic suppression of gas evolution (e.g., lead—acid systems), the accessible
potential range remains more constrained than in nonaqueous media. Simple ions
such as V*2 or V3, however, have very low solubilities in nonaqueous solvents

. This gave rise to organometallic complexes which consist of a transition metal
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center and peripheral ligands. Many aromatic ligands such as acetylacetone (acac)
and 2,2’-bipyridine (bpy) are used since they stabilize radicals and can be tuned
to increase the redox potential [39] 40]. Furthermore, the addition of large ligands
greatly increases the solubility of the active species in nonaqueous solvents. Thus,
organometallics can maintain roughly the same active species solubilities while
exhibiting larger standard cell potentials.

While organometallic complexes would theoretically decrease the costs of RFBs,
they are still limited by the scarcity of expensive metal elements. Fully organic
electrolytes pose an environmentally safe and cheap alternative. Many of the
proposed compounds, such as anthraquinone and viologen, are naturally abundant
and obtained from a variety of sources |41]. Perhaps the largest drawback to organic
liquid electrolytes is that they often require low cell potentials to ensure long cell
lifetimes. Organic active materials are usually less stable than their organometallic
counterparts, so operation at high voltages results in side reactions and permanent
electrolyte degradation [42, 43|. Solubilities of organic active materials depend
greatly on the solvent but can be tuned — similar to organometallic compounds.
Currently, no stable organic anolytes have been found with a redox potential
smaller than that of anthraquinone-2-sulfonic acid (—0.60 V vs. mercurous sulfate
electrode) [44]. The lack of a suitable anodic material has been preventing the
adoption of all-organic redox flow batteries.

Solid-phase hybrid RFBs have also been tried to lower system cost. Use of
a solid anode or cathode greatly increases energy density. An example of the Li
metal and organic TEMPO electrolyte RFB configuration is shown in Fig. )
RFB systems that use lithium metal as an anode (3.04 V vs. SHE) along with
organic electrolytes have the largest energy densities of all RFBs to date as they
often have high cell voltages of 3.40 V [45]. The main drawbacks of these hybrid
RFB configurations are that almost all metal electrodes (especially zinc) suffer from
deleterious dendrite growth, resulting in poor cycling performance [46]. Moreover,
this hybrid configuration still uses corrosive electrolytes and loses the modular

flexibility present in all-liquid RFBs.
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Suspension hybrid RFBs provide similar energy densities to solid-phase hybrid
RFBs while maintaining the modularity of all-liquid RFBs. Duduta et al. proposed
a class of hybrid RFBs that circulate active materials through the cell in slurries
with conductive additives [47]. This liquid form avoids dendrite growth while still
having a significantly high molar concentration of active species. A major concern
regarding suspension RFBs is the high viscosity of the electrolyte, which in turn
increases pumping losses and provides additional operational complexities. The
primary active materials that are used in these RFB configurations are LiCoOq
and LiyTisOq2 — both of which are expensive to manufacture and require extensive
mining practices [48]. While this nascent technology shows promise in achieving
high densities and long cycle lives, its application for grid-scale storage is minimal to
none. The energy density comes at a price of expensive and toxic active materials;
however, grid-scale energy storage technologies prioritize affordability, cycle life,
and environmental impact over energy density.

Adapted from Leung et al., Fig. ) shows a plot comparing the energy
density and cell potential for various RFB chemistries/configurations [33]. As
expected, all stable configurations with a cell potential >2.0 V have a nonaqueous
solvent system. All-organic batteries currently have low energy densities, cell
potentials, and solubilities, mainly due to the lack of a suitable anodic active
material. Aqueous organic—inorganic half-cells can achieve higher active-species
concentrations, but their low cell potentials—limited by water stability—result in
poor energy densities. Organometallics achieve higher cell potentials in nonaqueous
systems while current research is working to increase their solubility limits. Lastly,
nonaqueous organic hybrid RFBs exhibit the best performance, but at the cost

of practicality in grid-scale RFB applications.

1.2.3 Performance metrics

Although various RFB chemistries have been investigated for durability and cost-
efficiency, inconsistent testing protocols and evaluation criteria hinder meaningful

comparisons across studies. Table summarizes the most important parameters
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for characterizing cell/electrolyte attributes, cycling conditions, and performance
metrics. These metrics are essential for comparing the performance and rough costs
across all RFB chemistries and configurations. For example, many experimental
studies of suspension RFBs fail to measure and report the viscosity of the electrolyte.
The solid suspensions would result in relatively high realized energy densities, but
these values are misleading — a significant amount of energy would be needed
to pump the electrolytes and pumping losses cannot accurately be estimated
without viscosity measurements.

The key attributes that define an electrolyte system are the overall cell po-
tential and energy density. The energy density is a function of the cell potential
(which is also dependent on the electrode material), the number of transferred
electrons per mole of active species, and the solubility of active species. It is
important to note that electrolyte systems with the largest energy densities are
not necessarily the best candidates for RFBs. For example, a modular liquid
all-organic electrolyte (with cheap starting materials) would yield a low energy
density but is preferred over the energy-dense hybrid configurations (with expensive
operating and starting materials).

Once an electrolyte system is fully defined, one must clearly state the cell cycling
conditions and parameters. Current density and flow rate have been shown to have a
significant impact on cell performance due to mass transport limitations [49, 50]. In
most experiments, less than 70% of the theoretical solubility of active species is used
to prevent precipitation and pump failure. Thus, a charge density for the cycling
conditions should be reported in addition to the theoretical charge density as these
are more representative of operating conditions. Additionally, reporting the state of
charge (SOC) window depicts the depth of charge and discharge to allow for better
analysis of cell performance. Lastly, the flow rate and electrolyte viscosities gives the
reader a measure of the pumping losses that would be realized in practical operations.

The most reported performance metrics are coulombic efficiency (CE) and energy
efficiency (EE). The coulombic efficiency is the ratio of discharge capacity to charge

capacity and is a useful metric for assessing the charge reversibility of each cycle. A

13



1. Introduction

Formula Units Comments
Cell Attributes

Cell Potential AFE=FE,— E. 1% E, = anodic formal potential
E. = cathodic formal potential

Theoretical Q: = Ség‘—o'g % S = solubility limit of active

Charge Density species
n = number of electrons per
mole active species
[ = Faraday constant

Theoretical En- E, =@, -AF % Q¢ = theoretical charge density

ergy Density AFE = cell potential

Flow Field Flow-through, interdigitated,
serpentine, etc.

Cycling Condi-

tions

Charge Density @ = Cgﬁ'ng % C, = concentration of active
species

Current Density ;?n—"é

SOC Window %

Flow Rate %

Kinematic Viscos- %2

ity

Performance

Metrics

Coulombic % = % % Qischarge = charge output

Efficiency (Qcharge = charge input

Energy Efficiency EE = J ToutVoen dt_ %

100 = [ TonVoun di I,,+ = current output

I;,, = current input
Veen = cell potential

. . UE __ Q
Utilization 10 — Wd\/@” %
Efficiency

. . VE _ EE
Voltaic Efficiency 100 — CE o

_ %
Capacity Decay cycle

Table 1.2: Common performance metrics for flow batteries

decrease in coulombic efficiency is most often attributed to self-discharge (crossover)
or electrolyte degradation (side reactions). Energy efficiency is the ratio of discharge
energy to charge energy at a certain current density. This accounts for both the

CE and the voltaic efficiency (VE). The voltaic efficiency is the ratio of average
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discharge voltage to average charge voltage. The VE is often used to monitor the
overpotentials during cell operation. Other useful metrics are utilization efficiency
and capacity decay rate. Utilization efficiency is the ratio of discharge capacity to
theoretical discharge capacity (for the given charge density of the system). This
metric enables easy comparison of the realized depth of charge/discharge to the
expected SOC determined when identifying cycling conditions. The capacity decay
rate is often reported in units of ‘% per cycle’ or ‘% per day’. These units are
slightly problematic since they are highly dependent on the charging SOC and
volume of total electrolyte respectively. Reporting capacity decay rates in units
of ‘% per full discharge’ would enable easy comparison between different charging
SOCs and current densities. This does, however, assume a constant rate of decay

across all SOCs, which is not always accurate.

1.3 Approaches to modeling ionic transport

This section summarizes the two overarching models used to describe ionic transport
in electrolytic solutions for battery applications in general: 1) dilute solution theory,
and 2) concentrated solution theory. The earliest transport models describing dilute
solutions are introduced and their evolution into concentrated solution theory to

describe species-species interactions are outlined.

1.3.1 Dilute solution theory

Core to the modeling of transport in aqueous media is the idea of diffusion. Diffusion
refers to the spontaneous migration of discrete entities — atoms, ions, or molecules —
from regions of elevated concentration toward zones of depletion, thereby driving
the system toward spatially uniform composition. Fick conducted the earliest
quantitative treatment [51] of this phenomenon and asserted that the molar flux of

species 1, J;, is proportional to the gradient of its molar concentration, V¢; through

J; = —D,Vc; (1.4)
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where D; is the Fickian diffusivity of species ¢ in its solvent. The proportionality
constant D; characterises the intrinsic mobility of the diffusing species within its
medium. The Fickian fluxes have been shown to accurately describe diffusion in
dilute and stagnant solutions, especially those without charged species [52-55].

The Nernst—Planck framework extends Fick’s concept of diffusion to incorporate
the transport of ions under an electric field (—ﬁ @) and convection through a bulk
flow velocity v. The total species fluxes ]\7Z as a vector quantity was expressed
mathematically as

FZZ'CZ'

RT

where F'is Faraday’s constant, R the gas constant, 7' the absolute temperature,
and z; the equivalent charge of species i [56, 57]. This expression encapsulates three
distinct transport processes governing the flux of a charged species i: electromigra-
tion arising from gradients in electric potential, diffusion, modeled in accordance
with Fick’s law, and convective transport, driven by bulk fluid motion. The primary
strength of this framework lies in its elegance and tractability — species flux can be
characterized with a single diffusivity parameter. Note that some Nernst—Planck
models incorporate a separate mobility parameter u; associated with migration, but
diffusivities are more often linked to ionic mobility via the Nernst-Einstein relation
(u; = D;/RT), which has been incorporated into equation [58].

Despite its wide adoption, the Nernst—Planck model is limited by its assump-
tions. Specifically, the model assumes that individual species dissolved within an
electrolytic solution do not not interact with each other, but only with the solvent.
As a result, the Fickian diffusivity parameter for species ¢ only depends on the
species and the solvent. For example, in the case of a binary salt, diffusivities of
the cation (Dy) and anion (D_) fully specify transport within this framework.
For an electrolyte with unit cation and anion charge (2, = —z_ = 1), the
Nernst—Planck diffusivities have been shown to map to three easily measured

macroscopic properties—ionic conductivity x, Fickian salt diffusivity D, and the
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cation transference number ¢,—through

F?c

== (1.6)

K (D. + D), p— 2D+D- Dy

E = ——— t, = ——.
D,+D_ " D.+D_

Note that the macroscopic parameters are overspecified — only two independent
transport parameters determine three macroscopic electrolyte properties. Studies
have shown that this situation is problematic even at relatively high dilution
[59] but becomes especially concerning at high concentrations (0.1 M in Li-ion

electrolytes) [60), [61].

1.3.2 Concentrated solution theory

The Onsager—Stefan—-Maxwell (OSM) framework addresses the pitfalls in dilute
solution theory by considering species—species interactions. This was done by adding
distinct Stefan-Maxwell diffusivities Z;; between each pair of species [62]. In the
case of a binary salt dissolved in a solvent, for example, this would yield three
transport parameters: 2, _, Y., and Z_i, where ‘4’ represents the cation, ‘-’ the
anion, and ‘0’ the solvent. Generally, the OSM equations can be used to express the
gradients in electrochemical potentials ﬁui in terms of the force per unit volume
exerted by species j on species 7 as a result of their relative motion as
—; Vi = Zm(ﬁz—@>, (1.7)
i vy
where ¢t is the total molarity of the solution and v; = ]\71 /c; is the number-average
velocity of species i. Note that upon specification of a consistent reference velocity
for convection, Eq. can be inverted into its flux-explicit form:
Ji=> LV (1.8)
J#
where L;; are called Onsager diffusivities, and Ji is the excess molar flux of species i
relative to the mass-average velocity. Previous works have outlined transformation
processes that convert Stefan-Maxwell diffusivities to Onsager diffusivities with

respect to various reference velocities [63], 64]. Despite their differing formulations,

17



1. Introduction

both the force-based and flux-based frameworks yield electrolyte transport models
that are thermodynamically consistent.
Similar to dilute solution theory, the independent transport parameters of a

binary electrolyte can be related to macroscopically observable transport properties

through
1 RT ( 1 n Co 1 )
K CTF2 @4__ C4+ @0_{_ + @0_ 7 (1 9)
. 2 .@04_ + 90_ 0 -@04- .
D=x————, and L = ——"—,
Do+ + Do Dos + Do

where x is a dimensionless parameter called the thermodynamic factor. Thermo-
dynamic factors are necessary in the OSM framework to convert concentration

gradients into electrochemical-potential gradients [65] and are defined as

Opi
RT xij = yi (aﬂ > ; (1.10)
y‘] T9p7 Yk#j,n
where y; = ¢;/cr is the mole fraction of species i. Application of the Gibbs—

Duhem relation (37, y;du; = 0) highlights the fact that one of the mole fractions
and thermodynamic factors always depends on the rest. The set of independent
thermodynamic factors can be used to relate electrochemical potential gradients

to mole fraction gradients through

RT "}
%:yZM%- (1.11)

toj=1

Note that this work will primarily utilize the Darken matrix, which is closely related

to the traditional thermodynamic factor y. The Darken matrix, defined as

O
Qij = Yi (8 > ; (1.12)
yj TuP: Yk#£jn

differs from y only in that it has units of molar energy.

1.4 Thesis structure

The argument of this dissertation unfolds in six chapters that trace a continuous arc

from the systems-level motivation for grid-scale energy storage to the mechanistic,
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theoretical, and design insights that advance redox-flow battery (RFB) technology.
Chapter 1 establishes the practical and intellectual setting: it situates long-duration
storage within the decarbonization of electricity networks, surveys the historical
evolution of RFBs, and introduces concentrated-solution theory.

With the foundation laid, Chapter 2 turns to the chief durability challenge
facing non-aqueous RFBs — membrane fouling. Galvanostatic cycling, impedance
spectroscopy, and a “canary-cell” protocol converge on a single conclusion: pore
clogging in commercial separators, rather than chemical decay of the electrolyte,
governs capacity fade. The insights from Chapter 2 furnish the performance metrics
and diagnostic tools that Chapter 3 then leverages to explore mitigation strategies.
Two key factors of flow-field geometry and active electrolyte rebalancing are explored
in detail, and the data reveal how minimizing concentration gradients across the
porous separator can extend cell life by an order of magnitude.

The empirical results of Chapters 2 and 3 prompt a theoretical detour in Chapter
4, which revisits the Onsager—Stefan-Maxwell (OSM) framework. By reformulating
multicomponent transport in a salt—charge coordinate system, the chapter dissects
the respective contributions of electroneutrality, thermodynamic non-ideality, and
ion—ion friction, showing that the widely-used Nernst—Planck equation is merely a
dilute-solution limit of a more general transport description. The analytical criteria
derived here explain the experimental trends observed earlier and demarcate the
conditions under which engineers may safely adopt simplified models.

Chapter 5 extends the transport analysis into the thermo-mechanical domain.
Systematic measurements of viscosity, density, and compressibility for LiPFg in
mixed-carbonate solvents populate the constitutive relations introduced in Chapter
4. Trends from the Li-ion electrolytes and their relevance to RFB applications are
discussed. By closing this materials-property loop, this chapter accelerates the
development and implementation of predictive transport models.

Finally, Chapter 6 argues that a unified perspective on separator fouling,

flow-field design, and concentrated-solution transport accelerates the path from
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laboratory discovery to commercial deployment. The chapter concludes by outlining
avenues for future research.

Taken together, the chapters progress from identifying concentration-related
degradation phenomena to understanding and modeling their transport behavior.
Each stage builds deliberately on its predecessors, so that by the end of the
dissertation the reader will have an appreciation for how micro-scale physics
governing ion transport in concentrated solutions can be reconciled in the design

of durable RFB systems.

20



Drivers of Membrane Fouling in Redox
Flow Batteries

Contents
2.1 Tontroductionl . ......... ... ... ... 22
2.2 Experimentall . . . ... ... .. 0000000, 23
[2.2.1 Electrolyte preparation| . . .. .. ... ... ...... 24
[2.2.2  Reactor design| . . . .. ... ... ... .. 24
2.2.3  Cycling procedure| . . . . . . ... ... ... .. ... . 25
[2.2.4 Experimental data] . . . . ... ... ... ... ... .. 26
2.3 Results and discussion| . . ... ... ... .00 26
[2.3.1 Cell performance] . . . . . ... ... ... ... ... .. 26
[2.3.2  Canary cell experiments| . . . . . ... ... ... .... 28
2.3.3  FEvolution of crossover ratesf . . . . . .. ... ... ... 31
2.4 Conclusions| . . . . . ... oot i il oo 35
2.A Appendices| . . . . . . .. 0 e e e e e e e e e e 37
2.A.1 Flow cell reactor schematicsf. . . . . ... .. ... ... 37
2.A.2  SEM images of Celgard 4560 separator|. . . . . . . . .. 38
[2.A.3  Cyclic voltammograms of electrolytel . . . . . . .. . .. 38
[2.A.4  Galvanostatic cycling data for 3-cell canary experiment| 39
2.A.5 EIS parameter fits] . . . . . . ... ... L. 40
[2.A.6  Porous separator properties| . . . . . ... ... ... .. 40

21



2. Drivers of Membrane Fouling in Redox Flow Batteries

2.1 Introduction

As discussed in section [1.2.2] the three primary approaches to decreasing the cost
of redox flow batteries (RFBs) are: 1) increasing the standard cell potential per
mole of active species, 2) enhancing the solubility of active species, and 3) avoiding
the use of expensive metal ions. Addressing the first two objectives, Liu et al. first
proposed the non-aqueous vanadium acetylacetonate electrolyte |66], leveraging
a nonaqueous solvent to achieve higher stable cell voltages and employing the
acetylacetonate ligand to improve solubility to levels comparable with aqueous

systems. The V(acac); RFB chemistry involves two elementary half-reactions:
V(acac)s™ +e” = V(acac);, E° =172V vs. Ag¥* (2.1)
at the positive electrode, and
V(acac)s + e~ = V(acac)s~, E°=—0.46V vs. Ag”*t (2.2)

at the negative electrode [67]. Since the V(acac); coordination complex undergoes
outer-sphere electron transfer reactions upon oxidation or reduction, the reaction
kinetics at both electrodes is rapid [68], enabling discharge voltages near 2 V
under practical current densities |69].

Charging the V(acac); RFB involves a one-electron electrochemical dispro-

portionation reaction:
2V(acac); = V(acac)st + V(acac);~, AE® =-218V, (2.3)

resulting in identical electrolytes in both the positive and negative reservoirs at
the fully discharged state. Such ‘common-electrolyte’ configurations offer a distinct
advantage by making electrolyte mixing a reversible process. Consequently, active-
species crossover through the separator membrane causes self-discharge rather than
irreversible electrolyte compositional changes that require periodic regeneration.
This inherent crossover tolerance permits the use of inexpensive porous separators for
common-electrolyte RFBs, avoiding the costly ion-exchange membranes typically

necessary for traditional RFB systems.
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Historically, the long-term stability of the V(acac)s electrolyte has been hindered
by various hypothesized degradation mechanisms, such as side reactions triggered by
trace environmental contaminants interacting with electrodes and wetted compon-
ents [70, 71]. By eliminating such contaminants, this chapter identifies membrane
fouling as the primary mechanism responsible for capacity fade during cycling within
RFB reactors. The methods and conclusions drawn here are widely applicable
across various RFB chemistries, and similar degradation phenomena have been
observed in aqueous and organic electrolyte systems [72], although they are more
challenging to isolate.

This chapter quantifies performance metrics from cycling experiments performed
on V(acac)s RFB reactors equipped with porous separators. These measurements
elucidate the trade-off between reduced capital costs associated with cheaper
membranes and increased operational losses due to crossover-related inefficiencies.
Moreover, this analysis helps differentiate performance degradation sources, pinpoint-
ing how alterations in separator properties affect battery performance across cycling.

Further experiments were conducted using secondary flow reactors (‘canary
cells’) arranged in series with the primary reactor. These cells provided insight
into how operating conditions and varying electrolyte states contribute to separator
degradation during prolonged cycling. Key performance indicators and trends
are thoroughly examined, aiming to clearly distinguish the characteristic signs of
membrane fouling from self-discharge and electrolyte degradation effects. Achieving
an independent understanding of these phenomena is essential when assessing

disproportionation-based RFB chemistries using flow reactors.

2.2 Experimental

Unless otherwise stated, all chemicals and materials were used as received. Cycling
experiments and electrolyte handling were always conducted in an argon-filled

(99.998%, BOC, UK) Inert Pure LabHE glovebox with atmospheric water and

oxygen contents below 0.5 ppm.
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2.2.1 Electrolyte preparation

Molecular sieves (4 A, Fisher Scientific, UK) were dried at 250 °C for 24 h under
vacuum and transferred to the glovebox while warm before use. HPLC-grade
acetonitrile (Thermo Fisher, 99.9%, UK) was degassed with argon and purified
with a PureSolv-Micro solvent purification system (Inert, UK). Purified acetonitrile
(ACN) was transferred to the glovebox and further dried over the molecular sieves.
After drying for 48 h, a C30 Karl Fischer Coulometric Titrator (Mettler-Toledo,
UK) was used to confirm water content below 0.5 ppm. V(acac)s (98%, Strem, UK)
was recrystallized with the anhydrous ACN and washed with anhydrous diethyl
ether (Honeywell, 99.5%, UK) in the glovebox. The purified V(acac)s crystals were
dried and stored in the glovebox. Tetraethylammonium tetrafluoroborate (TEABF,,

99%, Sigma, UK) was stored in the glovebox and used as received.

2.2.2 Reactor design

The flow-through reactor designed by Smith [73], with a separator area of 2.20 cm?
parallel to the flow direction and a compressed depth of 1.6 mm normal to the
flow, was used for all cycling experiments; Appendix outlines further details
regarding reactor dimensions and design choices. Flow reactors were assembled and
cycled in the glovebox. The electrodes were 3.18 mm thick carbon felt (Alfa-Aesar,
UK), dried under vacuum at 250 °C for 48 h before reactor assembly. Separators—
either Daramic 175 or Celgard 4560—were rinsed in anhydrous ACN before use.
Expanded polytetrafluoroethylene (ePTFE, Gore, USA) gaskets were used between
the resin-impregnated graphite plate (Graphite-Store, USA) and separator. The
four screws clamping the reactor assembly together were tightened to a torque
of 4.5 N - m. After this compression the reactor had a thickness of 1.6 mm and
a half-cell volume of 0.35 cm?®. Chemically compatible diaphragm pumps (model
FF-12, 1/428 fittings, DCB-4 wire control, FS 60X PEEK prefilter, KNF Neuberger,

1 and

UK) were used for all experiments. Flow rates of 10 mLmin™', 26 mL min~
51 mL min~! were employed, corresponding respectively to linear flowrates past the

separator of 1.0 cms™!, 2.5 cms™!, and 5.0 cms™!, as explained in Appendix [2.A.1]

24



2. Drivers of Membrane Fouling in Redox Flow Batteries

2.2.3 Cycling procedure

An Autolab PGSTAT 302N potentiostat (Metrohm, UK) was used to cycle the
V(acac); RFB. For charge/discharge tests, cells were charged up to 20% of the
theoretical maximum state of charge (SOC), as computed via coulomb counting,
at 10 mA cm™2 (22 mA). Cells were charged only to a theoretical SOC of 20% to
minimize self-discharge and extend battery lifetime, and a lower current density
was used to ensure reproducible results. Voltage cutoffs of 3.0 V for charging steps
and 1.3 V for discharging steps were applied. Cells were held at open circuit (a
0 A applied current) for 15 seconds between charging and discharging steps to
monitor the open-circuit potential as it relaxed.

Impedance measurements were conducted using an FRA32 module on the
potentiostat. Impedance spectra were gathered every 10 cycles at 0% SOC (as
established by an open-circuit hold after the cell discharged to 1.3 V), unless
otherwise mentioned. The signal amplitude was set to 10 mV and frequencies
ranged from 0.1 Hz to 100 kHz with 5 points per decade. Measuring an impedance
spectrum typically took two minutes.

Every self-discharge experiment was run with a similar protocol, built up from
three different cycling procedures: a regular cycle, an impedance cycle, and a
self-discharge cycle. In a regular cycle, the cell was charged up to 30% of its
theoretical maximum SOC by coulomb counting at 20 mA cm™2 (44 mA), held at
0 A for 15 seconds, and subsequently discharged at 20 mA ecm~2 down to 1.3 V.
The impedance cycle was identical to the regular cycle, aside from a two-minute
impedance measurement being taken immediately before discharging according to
the protocol described above. In self-discharge cycles, the cell was charged up to
100% of its theoretical maximum SOC by coulomb counting, after which it was
held at 0 A until the voltage dropped below 2 V. In all self-discharge experiments,
a regular cycle was run first as a ‘burn-in’ step, followed by an impedance cycle.
Then, a 10-cycle loop consisting of one self-discharge cycle, an impedance cycle,

and eight regular cycles was initiated. The 10-cycle loop was continued until the
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cell was unable to self-discharge fully, as indicated by a lack of an appreciable

voltage change over an hour.

2.2.4 Experimental data

For clarity, not all of the charge/discharge cycling profiles and impedance spectra
gathered are presented below. Results from every charge/discharge experiment
and impedance measurement are publicly available in the Oxford University Re-
search Archive [74]. The repository also includes modified Matlab code for the
adaptive observer along with outputs from the adaptive controller for all six self-

discharge experiments.

2.3 Results and discussion
2.3.1 Cell performance

Saraidaridis reported stable cycling of V(acac)s for 160 cycles [69] and postulated
that reservoir imbalance caused the cell’s eventual failure. After adding a control
system developed by Smith [73] to mitigate the imbalance, fairly rapid capacity
fade and cell failure was repeatedly observed. The first 27 cycles of data in Fig.
show efficiency variations typical of these experiments. Similar trends have
also been observed elsewhere [71].

Smith posited that pore clogging in the separator was the primary driver of
performance fade [75]. As the pores within the membrane start to clog, the
apparent coulombic efficiency of the cell rises, because smaller pores slow crossover
of the active species. Once the membrane’s pores drop below a critical size,
exchange of the supporting electrolyte begins to be slowed, causing an apparent
rise in membrane resistance and concomitant growth of charging and discharging
overpotentials as shown in Fig. [2.1)(a-c). These effects rationalize the monotonic
rise in coulombic efficiency and decrease in voltaic efficiency that begins after
cycle 6 and continues until cycle 27.

The data shown in Fig. were produced by a cell in which the polarity

was switched after cycle 28, i.e., the identities of the electrolyte reservoirs were
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Figure 2.1: (a-c) Galvanostatic charge/discharge data and (d) voltaic (VE), coulombic
(CE), utilization (UE), and energy (EE) efficiencies for the first 35 cycles for the 0.1 M
V(acac)s, 0.3 M TEABF, RFB in a countercurrent and zero-gap flow configuration with
a microporous Celgard 4560 separator. The cell was cycled to a theoretical SOC of 20%
via coulomb counting at 10 mA cm~2. The positive and negative reservoirs were switched
by discharging twice between cycles 28 and 34. After cycle 34, the separator was replaced.

swapped by running two discharge steps in a row. This polarity reversal did
not significantly impact the rate of voltage-efficiency change, indicating that the
source of performance loss in the first 34 cycles was not a unidirectional (diode-
like) phenomenon. The coulombic efficiency slightly decreases by 5%, which is
hypothesized to stem from the charged electrolyte within the membrane pores
neutralizing its now oppositely charged counterpart. Note that decreasing utilization
efficiencies during cycles 27-34 owe to the cell reaching its 3 V voltage cut-off
before the targeted charge input.

The trend in voltaic efficiencies in this experiment indicate that membrane
fouling occurs within the membrane matrix and is not reversible. This is further
supported by the similarity of SEM images of the pristine and spent membrane

(Appendix 2.A.2)). At first glance the slight decrease in coulombic efficiency in Fig.
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2.1{(d) might suggest reversible membrane fouling. However, Fig. [2.1{a-c) show that
the charging and discharging overpotentials only continue to increase from cycles 1
to 35. Notably, once the current direction is reversed at cycle 28, the discharging
overpotential jumps from 0.15 V to 0.3 V. This suggests that fouling within the
membrane matrix is not symmetric and biased towards the positive side.

Upon cell failure (cycle 34, at which utilization efficiency had dropped to
nearly 0%), the porous separator and its flanking ePTFE gaskets were replaced,
while all other cell components were retained. As can be seen in Fig. [2.1(d), cell
performance was fully restored. Moreover, during cycles 35-60, the dynamical
changes of coulombic and voltage efficiency seen in cycles 1-34 are essentially
repeated, stemming from similar galvanostatic charge/discharge data shown in
Fig. [2.1fc). Note that the ~5% decrease in utilization efficiency after separator
replacement owes to electrolyte loss during reassembly of the cell.

Cyclic voltammetry was performed on fresh and post-cycled V(acac)s electrolytes
(Appendix, which both yielded similar voltammograms. These results support
Smith’s membrane fouling hypothesis, while contrasting other studies that point to
degradation processes occurring at the negative electrode as the predominant

cause of cell failure [71].

2.3.2 Canary cell experiments

After the microporous separator was identified as a main source of performance fade,
a 3-cell experiment, in which two ‘canary cells’ were placed in series with the reactor
being cycled, was conducted to probe whether performance of the Celgard 4560
separator changed during contact with charged electrolytes at open circuit. As shown
in Fig. (a), both the positive and negative electrolytes were first passed in loops
through canary cells at open circuit before flowing into the ‘working cell’, through
which current was passed. No current was passed through the two canary cells,
excepting the periods during which impedance spectra were gathered from them.
The cycling data and efficiencies from the working cell (Appendix followed
the same trends discussed above. Fig. (b—d) show stark differences between the
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Figure 2.2: Electrolyte flow configuration and Nyquist plots for the (a-d) 3-cell and (e-g)
2-cell canary experiments. Solid arrows in (a,e) represent fluid flow while dotted lines
between the blue current collectors represent current flow. An impedance measurement
was taken for the (b,f) working and (c,d,g) canary cells every 10 cycles at 0% SOC
(corresponding to a hold at 0 A applied current after discharge to 1.3 V). The signal
amplitude was set to 10 mV and frequencies ranged from 0.1 Hz to 100 kHz with 5 points
per decade.

impedance spectra of the canary cells and the working cell. The working cell’s
bulk area-specific resistance (ASR) — as determined by the high frequency real
intercept — increases from 1.1 Qcm? to 4.0 Qcm? over 148 cycles. This is naturally
explained by gradual pore clogging in the separator: a smaller average pore size
decreases the effective conductivity, increasing the cell’s bulk resistance. In contrast,
the bulk ASRs in both canary cells remained constant. Note that the positive
cell’s ASR is 0.3 Qcm? larger than the negative’s, owing to different resistances
of the electrical leads, carbon-wool packing, etc.

The low-frequency responses of the canary cells vary due to slight differences in
the SOC. Recall that impedance measurements were taken at 0% SOC as determined

by holding at open circuit after the low-voltage cutoff was exceeded. Below 1.3 V,
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the slope of the open-circuit potential curve varies strongly with SOC. Because this
effect manifests as an apparent zero-frequency admittance (inverse capacitance),
small variations in the SOC near the cutoff voltage strongly impact the cell’s
low-frequency impedance response. Variations in the low-frequency imaginary
impedance components of both canary cells were essentially random across cycles,
but the variance was higher in the negative canary.

Excluding the differences in the low-frequency regime, the relatively constant
impedance responses of both canary cells at moderate-to-high frequencies confirm
that the Celgard 4560 separator remains stable in contact with charged electrolytes
of either sign. Indeed, both canary cells were cycled after being disconnected from
the 3-cell experiment and proceeded to indicate the pore clogging signature seen in
the working cell: voltaic efficiency decreased monotonically and coulombic efficiency
rose sigmoidally. This observation is consistent with a hypothesis that pore clogging
results from polarization of the cell — either a potential gradient associated with
applied current or a concentration gradient associated with differences in charge
state between solutions on either side of the membrane.

A 2-cell canary experiment was designed to probe the distinct effects of concen-
tration and potential differences on membrane performance. In this configuration,
shown in Fig. (e), the negative and positive electrolytes were passed through a
canary cell before entering the working cell to experience applied current.

Similar to the 3-cell canary experiment, no current was passed through the
concentration-polarized canary cell except during the periodic impedance measure-
ments. This 2-cell experiment investigates a situation in which the working cell
experiences forces that drive both diffusion and migration of electrolyte constituents
across the membrane, whereas the canary cell only experiences a diffusion driving
force. Nyquist plots for the working and canary cell are presented in Fig. (f,g).
The bulk ASR increases in both cells as they cycle, but does so more slowly in
the concentration-polarized canary cell. Over 138 cycles, the working cell’s ASR
increased by 220%, while the canary cell’s rose by 120%. The combination of canary

cell experiments proves that none of the species (charged or neutral) are solely
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Figure 2.3: (a) Charge-discharge curves for the 0.1 M V(acac)3/0.3 M TEABF,/ACN

RFB chemistry with a Daramic-175 porous separator, a current density of 20 mA cm™2,

and a mean linear flow velocity of 5.0 cms™! (b) Self-discharge curves (hold at 0 A applied
current), until a voltage cutoff of 2.0 V was reached, were conducted every 10 cycles. (c)
Equivalent circuit model that was used to fit the (d) impedance data that was collected
between each self-discharge cycle.

responsible for membrane fouling, but rather the driving forces of migration and

diffusion appear to propel the rise in separator resistance.

2.3.3 Evolution of crossover rates

Self-discharge tests were perfomed using the protocols described in section [2.2.3]
with Daramic 175 and Celgard 4560 microporous separators and at three different
electrolyte flow rates. Fig. [2.3] presents representative data from the cell with
a Daramic 175 separator and a 51 mLmin™' (5.0 cms™) electrolyte flow rate.

After every 10th cycle of charge-discharge, an impedance measurement was taken,
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after which the cell was charged via coulomb counting to 100% of the theoretical
maximum SOC (assuming no crossover) and self-discharge was tracked. The charge—
discharge data shown in Fig. 2.3|a) are similar to those seen in Section [2.3.1] but
the charging and discharging overpotentials increase sharply after the self-discharge
cycles, presumably because of the larger swings in SOC before them. Fig. [2.3(b)
shows that the time to discharge to 2 V increases for each self-discharge cycle,
consistent with the increasing coulombic efficiency trend seen in Fig. 2.1, SEM
images of the fresh and spent Daramic separator (analogous to the Celgard separator
shown in Appendix were not acquired; however, the similarity in cycling
behavior suggests that, as with Celgard, any membrane evolution occurs within
the bulk matrix rather than at the surface.

Impedance data were fitted to the equivalent circuit model depicted in Fig. [2.3(c).
The cell resistance (Rq) is in series with both the negative (R.1) and positive
(Ret,2) charge-transfer resistances and double-layer capacitances (Cq; and Cqi2). A
finite-length Warburg element (W) was added between the two interfacial reaction
impedances to account for diffusion across the membrane. The fitted parameter that
changed most was cell resistance: cycle 2 yielded a bulk ASR of 1.40 Q cm?, which
rose to 3.44 Q2 cm? by cycle 54. The full list of fitted parameters is presented in Table
S6. Similar trends were seen across all three flow rates and with both separators.

An adaptive observer governed by an isothermal, zero-dimensional (‘stirred-tank’)
lumped-parameter model was reported earlier by Ascencio et al. |[76]. The adaptive
observer dynamically estimates crossover rates during each self-discharge cycle given
the state of charge of the cell. Notably, Ascencio’s model does not assume that
species fluxes through the separator are proportional to the concentration difference
across it (Fickian diffusion). Rather, the SOC and crossover flux are estimated
simultaneously, allowing for signatures of more complex transport behavior to be
extracted from the experimental voltage data.

Generally, the molar crossover flux (), of a charged species across a planar
membrane normal to the x direction is expected to scale with the exposed membrane

area A, and the concentration of the charged species. To first order, the relationship

32



2. Drivers of Membrane Fouling in Redox Flow Batteries

among these quantities can be parametrized by a mass-transfer coefficient ki

with units of velocity, as
Qx = kmtAa:COSOCceHa (24)

where ¢ is the active-species concentration in the fully discharged electrolyte and
SOCe is the SOC in the cell, which generally exceeds the reservoir SOC because
the electrolytes accumulate excess charge during their residence time in the reactor
chamber. For simple Fickian diffusion across the membrane, k, is expected to be
a constant, proportional to the effective diffusivity of active species and inversely
proportional to the membrane thickness. When diffusion is Fickian, the active
observer is expected to show that (), varies in direct proportion to SOC.q.

Fig. shows crossover-rate estimates from the adaptive observer for both

I and

separators at three different mean linear velocities of 1.0 cms™!, 2.5 cms™
5.0 cms~!. At the onset of cycling, the crossover is Fickian across both separators
in all cases. These initial data sets were used to estimate k. values by linear
regression; the dashed lines present the best-fit curves, and corresponding ks values
derived from their slopes are written on the graphs in Fig. [2.4]

With the possible exception of Celgard at a 1.0 cms™! flowrate, ky for a
particular membrane does not vary significantly with linear flowrate, suggesting that
the flow in the reactor chamber was well-developed and turbulent. Linear regression

I and

shows that Daramic and Celgard have mass transfer coefficients of 3.7 pms~
6.4 pms~!, respectively, with a 1.0 cms™! linear flowrate through the reactor. The
higher mass transfer coefficients seen for Celgard are consistent with the lower
coulombic efficiencies they exhibit compared to the Daramic separator [77].

The k, value remains essentially unchanged for Daramic as flowrate rises,
signifying that convection has little impact on the initial crossover rate of active
species. For Celgard, the mass-transfer rate does increase by about 15% as the
flowrate increases from 1.0 cms™! to 4.9 cms™!. It appears that most of this increase

occurs between the flowrates of 1.0 cms™! and 2.5 cms™!. Possibly there is a critical

flow rate at which the flow becomes well-developed and turbulent within the reactor
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Figure 2.4: Crossover estimation for each self-discharge cycle for the Daramic-175 (a-c)
and Celgard 4560 (d-e) separators. Three mean linear flow rates of 1.0 cms™! (a,d),
2.5 cms™! (b,e), and 5.0 cms™! (c,f) were tested. An adaptive observer was used for
estimating all crossover rates |76]. The mass transfer coefficient (kn) was obtained
with a linear fit of the crossover estimation from the first self-discharge cycle (cycle
3) in conjunction with the exposed membrane area A, of 2.20 cm?. The coefficient of
determination (R?) was greater than 0.99 in all instances.

chamber, such that ky ceases to change. Given, the electrolyte’s viscosity of 0.535
cP [69] and reactor dimensions, turbulent mixing (Re > 4000) would occur at a

linear flow rate of 16 cms™!

—within an order of magnitude of the tested flow rates.
The experimentally reported linearized velocities do not account for the tortuosity
and compression of the porous electrode, suggesting that their true values are larger
than reported. Note that a similar trend was seen for the Daramic separator at
flow rates below 1.0 cms™! but the long residence times at these low rates led to
very high per-pass conversion, and consequently large overpotentials, that caused
the voltage cutoffs to be reached before significant amounts of charge could be
exchanged at the current density used for these experiments.

As cycling progresses for each cell, the adaptive observer shows that the law
governing crossover deviates from the expected Fickian response. For example, the

1

Daramic cell operating at a linear flow rate of 5.0 cms™', shown in Fig. [2.4{c),
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maintains a constant, Fickian mass transfer coefficient for the first 33 cycles. During
cycles 43 and 53, the crossover rate begins to be suppressed at low SOC; after
reaching SOC greater than 40%, however, the slope of the crossover vs. SOC curve
reaches a value commensurate with the £, observed in earlier cycles. By cycle 63, the
crossover rate suddenly drops to roughly zero below 60% SOC. Similar trends are seen
for the 1.0 cms™! and 2.5 cm s~! flow rates, although the cells survive for fewer cycles.

Remembering that SOC is a proxy for the concentration polarization across the
membrane, and consequently with the thermodynamic force that drives diffusion,
the trends exhibited in Fig. 2.4 are commensurate with pore clogging. As outlined
in Appendix[2.A.6] both fresh Daramic and Celgard separators have an average pore
size that is much larger than the atomic radii of the active species, resulting in a linear
relationship between crossover and SOC. We hypothesize that as cycling proceeds
the average pore sizes decrease and pore size distributions possibly altered. The
qualitatively distinct fouling signatures between Daramic (sudden drop in crossover
rate) and Celgard (gradual decrease in crossover rate) have been hypothesized to

stem from differences in their mechanical properties and microstructure detailed

in Appendix 2.A.6] [78].

2.4 Conclusions

Although side reactions have been proposed as the predominant degradation pathway
for the V(acac);/ TEABF,/ACN RFB chemistry, we observe that membrane fouling
is the predominant driver of cell failure. The widely reported increase in coulombic
efficiency and steady drop in voltage efficiency over the first few dozen cycles relates
to changes in the membrane separator, rather than deterioration of the active
electrolytes. After replacement of the Celgard membrane, the initial capacity and
efficiency metrics of a flow reactor were recovered entirely.

This chapter shows that similar porous membranes can result in distinct fouling
signatures. Additionally, the Celgard and Daramic porous separators foul at
significantly different rates. Although the exact mechanism of fouling is not shown,

additional cross-sectional SEM imaging could reveal insight into the distribution of
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pore clogging. Membranes could also be imaged at various stages of cell cycling to
observe the evolution of pore sizes during cycling to further confirm the hypothesis
set out in this chapter. The next chapter attempts to better understand how cycling
protocols, operating conditions, and flow reactor design can impact pore clogging.

If the membrane-fouling problem can be solved, porous separators with appro-
priate modifications may allow coulombic efficiencies comparable to those achieved
with more costly bespoke ion-exchange membranes. Canary cells showed that
Celgard 4560 is stable and maintains a constant resistance when exposed to both
positively and negatively charged electrolyte solutions. The resistivity increased
when exposed to current and, less significantly, when exposed to an electrolyte
composition difference. Our observations suggest that the resistance rises can be
explained by pore clogging, although the signature of this effect differ between
Daramic and Celgard.

In the initial cycles, the variation of crossover rates with SOC across both porous
separators was consistent with a Fickian diffusion process. Mass-transfer coefficients

Lat

did not vary significantly with electrolyte flowrate and were 3.8 and 7.5 pms~
mean linear flow rates of 5.0 cms™! for Daramic-175 and Celgard 4560, respectively.
Crossover rates deviated from Fickian responses as membrane fouling progressed.
The crossover rate dropped suddenly at a rising threshhold SOC for Daramic-175,

whereas it gradually dropped with respect to SOC for Celgard 4560.
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2.A Appendices

2.A.1 Flow cell reactor schematics
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Figure 2.5: (a) Schematic for flow cell reactor, (b) flow plate, and (c-d) diffuser plate. All
measurements are reported in millimetres. The exposed membrane and electrode area has
height of 1.64 cm (parallel to flow) and a width of 1.34 c¢m, resulting in a cross-sectional
area of 2.20 cm?. The compressed width and porosity of the electrode is 1.6 mm and 80%
respectively. Thus, the open cell area normal to flow is 0.17 cm?. Flow rates are reported
as mean linear flow rates across the separator. With this reactor geometry, a 1.0 cm/s,
2.5 cm/s, and 5.0 cm/s linear flow rate corresponds to 10 mL/min, 26 mL/min, and 51
mL /min respectively.
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2.A.2 SEM images of Celgard 4560 separator

Figure 2.6: SEM images of a porous Celgard 4560 membrane (a) in pristine condition
and (b) upon cell failure. Images were acquired using a Zeiss Merlin microscope in
secondary electron (SE2) mode at an accelerating voltage of 5.0 kV, probe current of 300
PA, and working distance of 8.3 mm. The magnification was 50,000, corresponding to a
scale bar of 1 pm. Images were collected in analytic column mode with a scan speed of
four.

2.A.3 Cyclic voltammograms of electrolyte
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Figure 2.7: Cyclic Voltammograms of fresh (0.1 M V(acac)3/0.3 M TEABF, in ACN)
and spent electrolytes at a scan rate of 50 mV /s on a glassy carbon working electrode at
23°C.
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2.A.4 Galvanostatic cycling data for 3-cell canary exper-

iment
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Figure 2.8: (a) Voltage data from the working cell of the 3-cell canary experiment. Every
15 charge/discharge curve is plotted started from cycle 2. (b) The computed coulombic,
voltaic, utilization, and voltaic efficiencies for the same cell. Impedance measurements
were taken every 10*" cycle until cycle 71 at 0% SOC after cell equilibration. This results
in lower energy efficiencies during each “burn-in” cycle. The electrolyte consisted of 0.1
M V(acac)3/0.3 M TEABF, in ACN with a Celgard 4560 porous separator. The cell was
cycled at 20 mA /em? to 30% SOC via coulomb counting at a flow rate of 5.0 cm/s.
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2.A.5 EIS parameter fits

Cycle # Rgq (Q cm?) Retp (mQ em?)  Cqp (mF em?)  Repo (m© cm?)
2 1.40 £ 0.002 33.5 £ 5.85 18.5 £ 3.69 52.8 £ 5.90
4 1.48 £ 0.003 25.2 £ 4.44 18.8 £ 4.96 04.9 + 4.47
14 1.51 £ 0.003 30.3 £ 8.22 274 + 6.40 47.2 £ 8.23
24 1.53 £ 0.002 34.8 £ 5.49 29.3 £ 4.88 42.9 £ 5.82
34 1.57 £ 0.002 31.3 £ 6.04 28.0 = 5.56 48.0 £ 6.01
44 1.90 £ 0.004 58.7 £ 5.14 10.9 £ 1.88 74.4 £ 5.04
54 3.44 + 0.021 254 + 184 1.02 £ 0.186 254 + 9.16
Cycle # Cgo (mF cm?) W - Zp (Q cm?) W, — 7 (s)
2 89.8 £+ 22.7 0.288 =+ 0.003 0.739 £ 0.019
4 81.6 £ 15.6 0.274 £ 0.003 0.755 £ 0.019
14 112 £ 42.0 0.301 + 0.004 0.879 £ 0.025
24 137 £ 38.4 0.274 £ 0.002 0.781 £ 0.014
34 135 £ 38.1 0.269 £+ 0.003 0.778 £ 0.022
44 92.6 £ 14.8 0.287 £+ 0.004 0.808 £ 0.024
54 20.4 £ 1.69 0.456 + 0.008 0.433 £ 0.018

Table 2.1: EIS parameters of 0.1 M V(acac)3/0.3 M TEABF, in ACN in a RFB with
a Daramic separator. The estimated errors for each parameter are the 95% confidence
interval for the corresponding equivalent circuit.

2.A.6 Porous separator properties

Property Celgard 4650  Daramic 175
Thickness (pm) 115 175

Tensile Strength (MPa) 12.7 15.08 [79]
Porosity (%) 55 58

Average Pore Size (nm) 64 100

Material Polypropylene Polyethylene

Table 2.2: Properties of the microporous Celgard 4650 and Daramic 175 separators.
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3. Mitigating Membrane Fouling in Redox Flow Batteries

3.1 Introduction

Membranes play a critical role in the performance and longevity of redox flow
batteries (RFBs) [80], yet membrane research for non-aqueous RFBs (NARFBs) is
still in its early stages [81]. Many studies rely on commercial membranes designed
for aqueous systems, such as Nafion, which exhibit poor structural stability in
organic solvents [77]. As a result, most advancements in NARFB technology
have been driven by improvements in active species and reactor engineering [72].
The viability of NARFB systems for long-term cycling remains largely unproven.
Addressing this gap requires a deeper understanding of membrane structure—property
relationships and the dynamics of ion transport in non-aqueous systems. Porous
separators such as Celgard and Daramic offer an alternative to expensive and
unstable ion-exchange membranes, but their use in asymmetric systems leads to
rapid electrolyte degradation due to high active species crossover. Currently, few
membranes provide both high ionic conductivity and low permeability of redox-
active species in non-aqueous systems.

This chapter aims to address membrane instability in NARFBs by investigating
the impact of flow configurations on the long-term performance of porous separators.
Chapter [2] identified membrane fouling as the primary cause of capacity fade in
porous separators, despite their mechanical robustness [82]. A sigmoidal increase
in coulombic efficiency and rising bulk resistance were identified as key indicators
of membrane degradation. These signatures in cycling-perfomance data have been
observed in many flow battery studies [83) 84].

This chapter, like the previous one, uses the stable non-aqueous vanadium
acetylacetonate (V(acac)s) electrolyte to isolate membrane and flow-related effects.
It introduces two key strategies to mitigate membrane fouling in the V(acac)s
RFB: (1) optimizing flow field configurations and (2) implementing an electrolyte
rebalancing system. Switching from counter-current to co-current flow dramatic-
ally reduces fouling in the Daramic porous separator, while addressing reservoir

imbalance effectively eliminates capacity fade and enables stable long-term cycling.
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The significant benefits of reservoir balancing motivated the design of a user-
friendly PID control system tailored for the RFB research community. To support
researchers who typically avoid reservoir balancing due to its complexity, this work
provides a detailed guide to simplify the setup process. Furthermore, to account
for the relatively high permeability of porous separators, the study investigates
how flow configuration affects voltaic efficiency. By testing two extreme aspect
ratios, it establishes the relationship between pumping losses, flow configuration,

and overall cell performance.

3.2 Experimental

Unless specified otherwise, all chemicals and materials were used without further
modification. Cycling experiments and electrolyte handling were performed within
an Inert Pure LabHE glovebox filled with argon (99.998%, BOC, UK), maintaining

atmospheric water and oxygen levels below 0.5 ppm.

3.2.1 Electrolyte preparation

Molecular sieves (4 A, Fisher Scientific, UK) were vacuum-dried at 250 °C for 24
hours and transferred to the glovebox while still warm. HPLC-grade acetonitrile
(Thermo Fisher, 99.9%, UK) was degassed using argon and purified through a
PureSolv-Micro solvent purification system (Inert, UK). The purified acetonitrile
(ACN) was then brought into the glovebox and further dried over molecular sieves.
After 48 hours of drying, water content was verified to be below 0.5 ppm using
a C30 Karl Fischer Coulometric Titrator (Mettler-Toledo, UK). V(acac)s (98%,
Strem, UK) was recrystallized using anhydrous ACN and subsequently washed with
anhydrous diethyl ether (Honeywell, 99.5%, UK) inside the glovebox. The purified
V(acac)s crystals were dried and stored in the glovebox. Tetraethylammonium
tetrafluoroborate (TEABF,, 99%, Sigma, UK) was stored in the glovebox and
used without further modification. Each cycling experiment used a total of 20

mL of electrolyte (10 mL for each tank).
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3.2.2 Reactor design

This chapter utilizes two distinct reactor designs, both employing flow-through flow
fields. The flow-field shape was held constant in the first reactor, referred to as

Cell 1, which produced the results in Sections [3.3.1] and [3.3.2l A second reactor,

Cell 2, was designed to investigate the impact of different flow-field configurations,

as described in Section [3.3.3]l Detailed reactor dimensions and schematics can be

found in Appendix [3.A.Tjand [3.A.2] All experiments were conducted using a porous

Daramic 175 separator, which was rinsed with anhydrous ACN prior to use.

The reactor design for cell 1 matches that used and developed by Smith et al. in
a previous study |73, 85]. This reactor featured a separator area of 2.20 cm? aligned
with the flow direction and a compressed depth of 1.6 mm perpendicular to the flow.
Flow reactors were assembled and operated within the glovebox. The electrodes,
composed of 3.18 mm thick carbon felt (Alfa Aesar, UK), were vacuum-dried at
250 °C for 48 hours before reactor assembly. Expanded polytetrafluoroethylene
(ePTFE, Gore, USA) gaskets were placed between the resin-impregnated graphite
plate (Graphite-Store, USA) and the separator. The reactor assembly was secured
using four screws tightened to a torque of 4.5 N - m. Once fully compressed, the
reactor maintained a thickness of 1.6 mm with a half-cell volume of 0.35 cm?.
All experiments employed chemically compatible diaphragm pumps (model FF-12
1/4-28 fittings, DCB-4 wire control, FS 60X PEEK prefilter, KNF Neuberger, UK).
For Cell 1, all experiments used a flow rate of 26 mL/min, corresponding to a mean
linear flow velocity of 2.5 cm/s parallel to the separator.

The reactor design for Cell 2 has a separator area of 3.0 cm? for all tested
flow fields. The electrodes, graphite plates, separator, and pumps consisted of
the same material and thickness as Cell 1, however the gaskets were 1/16 inches
(1.59 mm) rather than 1/8 inches (3.18 mm). This cell was compressed to a higher
torque of 5.0 N - m. Once fully compressed, the reactor maintained a thickness of
3.0 mm with a half-cell volume of 0.9 cm3. Two different flow rates were tested:

26.8 mL/min and 79.5 mL/min.
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3.2.3 Cycling procedure

A Metrohm Autolab PGSTAT 302N potentiostat (UK) was used to cycle the
V(acac); RFB. Unless otherwise mentioned, all experiments utilized the following
procedure. Cells were charged to 20% of the theoretical maximum state of charge
(SOC), determined via coulomb counting, at a current density of 20 mA cm?.
Voltage cutoffs were set at 3.0 V for charging and 1.3 V for discharging. To monitor
the relaxation behavior of the open-circuit potential, cells were held at open circuit
(0 A applied current) for 15 seconds between charging and discharging steps.
Electrochemical impedance spectroscopy (EIS) was performed using the poten-
tiostat’s FRA32 module. Unless stated otherwise, impedance spectra were recorded
every 10 cycles at 0% SOC, determined by an open-circuit hold after discharging to
1.3 V. The measurements were conducted with a 10 mV signal amplitude over a
frequency range of 0.1 Hz to 100 kHz, with five points per decade. Each impedance

spectrum acquisition took approximately two minutes.

3.2.4 Reservoir balancing setup

Reservoir imbalance arises from direct flow of electrolyte through the separator from
one reactor chamber to the other. This flow can be driven either by mechanical
pressure or osmotic pressure, and ultimately leads to a liquid-volume difference
between the electrolyte tanks (note the liquid-height difference in Fig. [3.1(b)).
Mechanically, head losses in the two pipelines leading into the reactor inevitably
differ. This causes slight pressure differences between the inlet flow streams, which
ultimately drive interchamber flow. Osmotic pressure arises from concentration
polarization or chemical change in the reactant flow streams; differences in mixing
free energy between the solutions in the reactor chambers cause a thermodynamic
pressure difference, which also drives interchamber flow.

A purely mechanical reservoir balancing strategy was designed, in which pressure
differences between reactor chambers were counterbalanced by regulating the
flowrates into them. Pressure losses in the feed lines are proportional to the flowrates

through them, and flow between reactor chambers leads to a height difference
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Figure 3.1: (a) The reservoir and camera holders used in the volume balancing scheme. A
small PLA connector links the two at their bases to fix their relative positions and achieve
consistent imaging. (b) Visualization of the image segmentation results. Segmentation
masks for the electrolyte detection are superimposed on the reservoirs, accompanied by
volume estimates.

between electrolyte reservoirs. Hence, the difference between inlet flowrates was
varied to control the liquid heights.

Image processing from digital video was used to determine liquid volumes.
Cylindrical reservoirs were securely positioned opposite a camera within a 3D-
printed polylactic acid (PLA) scaffold, as shown in Fig. [3.1(a). During RFB
operation, images of the reservoirs are captured every second and processed through a
segmentation pipeline. Assuming a constant reservoir cross-section, the segmentation
mask is mapped to a fluid volume using a user-defined conversion factor in mL /pixel
(Fig. 13.1b)). The volume difference between the two reservoirs serves as the
control input to a PID scheme, which adjusts the differential pump duty cycle —
and consequently, the flow rate — of the diaphragm pumps. This is implemented by
maintaining one pump at a base duty cycle while adjusting the other pump’s duty
cycle according to the PID output: if the output is positive, the anolyte flow rate
increases; if it is negative, the anolyte flow rate decreases. Since the diaphragm
pumps require a nonzero minimum duty cycle to start operating, this approach
ensures the controller never drives them below their functional range.

To prevent erratic control behavior, a 60 s moving-average filter was applied
to all volume readings before being fed into the controller, reducing the impact of

random segmentation errors. Additionally, the derivative term of the PID controller
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was set to zero to avoid amplifying any residual noise. While these measures slightly
increased the controller’s response time, the dynamics of volume imbalance were
slow in comparison. Thus, despite potential suboptimal control performance, the

system was more than sufficient to maintain near-zero imbalance.

3.3 Results and discussion
3.3.1 Counter-current vs. co-current flow

Chapter 2| demonstrated that the primary mechanism of capacity fade in the
V(acac); electrolyte system is membrane fouling [82]. Additionally, an increase
in a cell’s bulk area-specific resistance (ASR) was identified as a key indicator of
pore clogging in Daramic and Celgard porous separators. Monitoring active species
crossover rates during self-discharge experiments further revealed that fouling is
driven by the time spent at high states of charge (SOC) and the magnitude of
V(acac)s concentration gradients across the membrane.

To mitigate these concentration gradients, flow operation was switched from
counter-current to co-current. Counter-current flow is widely employed in chemical
engineering applications where maximizing temperature and concentration gradients
enhances transfer efficiency [86]. In RFBs, exactly the opposite effect is desired:
counter-current flows raise the driving force for active-species crossover, so co-
current flows may be intrinsically preferable.

In the V(acac)s; NARFB, counter-current operation generally maximizes concen-
tration gradients of the neutral V(acac); species. As the schematic in Fig. [3.2/(a)
shows, the highest concentration polarization of neutral V(acac); occurs under
counter-current flow. In contrast, Fig. [3.2(b) illustrates that co-current operation
eliminates these gradients, significantly reducing concentration imbalances. Since
any diffusion of charged active species across the membrane is rapidly neutralized,
their concentration gradients cannot be meaningfully suppressed. Accordingly,
only concentration gradients of the neutral V(acac)s species are considered. In
the heuristic analysis shown in Fig. 3.2(c,d), diffusion across the membrane has

been modeled with Fickian behavior and both dispersion and turbulent mixing
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Figure 3.2: (a) Counter-current vs. (b) co-current operation of RFBs. Concentration
profile of neutral V(acac)s, and charged V(acac)3™/V(acac)s ™ active species under (c)
counter-current and (d) co-current operation. Voltaic (VE), coulombic (CE), utilization
(UE), and energy (EE) efficiencies of the 0.1 M V(acac)s, 0.3 M TEABF, nonaqueous
RFB in (e) counter-current and (f) co-current flow. Both cells utilize a Daramic porous

separator and are cycled to a theoretical SOC of 20% via coulomb counting at 20 mA

cm~2, resulting in a theoretical per-pass conversion of approximately 1% . (g) Bulk

area-specific resistances from impedance measurements which were taken every 10 cycles.
The galvanostatic cycling data and impedance spectra can be found in Appendix @

as flow progresses through the porous electrode have been neglected. The plotted
dimensionless concentration is directly related to the local state of charge (SOC),
which itself can be interpreted as a normalized concentration of active species. In the
present experiments, the SOC window is intentionally limited to 0-0.2, so variations
in dimensionless concentration reflect relatively small but spatially non-uniform
deviations within this narrow operating range. Nevertheless, co-current operation
would be expected to diminish neutral-species concentration polarization within
the reactor much more than counter-current operation

Fig. [3.2(e-f) compares the cycling efficiencies of V(acac)s under co-current and
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counter-current flow, with all other cycling conditions held constant. Both cells
were charged to 20% SOC via coulomb counting (neglecting self-discharge) or until
reaching an upper voltage cutoff of 3.0 V. The counter-current cell reached its
voltage cutoff after only 177 cycles, whereas the co-current cell lasted 583 cycles
without reaching the cutoff. Both cells exhibited the characteristic signatures of
membrane fouling: a sigmoidal increase in coulombic efficiency and a monotonic
decrease in voltaic efficiency, but the fouling was far slower in the co-current flow
configuration. Note that the results in Fig. (e) differs from the results in chapter
due to different cycling conditions — notably a higher charging current density.

Fig. (e) presents the bulk ASR evolution for each cell over its cycling lifetime.
Consistent with previous findings, membrane pore clogging led to increasing cell
resistance in both cases. In both cells, there is an optimal amount of pore clogging
such that CE rises faster than the VE decreases (i.e. EE is maximized). This is
found to occur around a full cell resistance of 2.0 Q cm™2. The counter-current and
co-current cells reached this bulk resistance after cycles 56 and 134, respectively.
Using ASR as a quantitative metric of membrane fouling, we posit that the counter-
current cell fouled more than two times faster than the co-current cell. This notable
improvement underscores the critical role of flow field optimization, particularly in

crossover-tolerant RFB systems that utilize porous separator membranes.

3.3.2 Effects of a PID level-balancing system

To further minimize V(acac)s concentration gradients, we addressed another sig-
nificant factor: reservoir imbalance. Pump duties were initially calibrated using
neutral V(acac)s solutions; however, over week-long experiments, small inaccuracies
accumulate, leading to substantial electrolyte imbalance between the anolyte and
catholyte. This issue is exacerbated by the fact that, during each cycle, the reservoir
composition shifts from neutral to charged active species, altering key electrolyte
properties such as viscosity. Also, the displacement pumps used to drive flow have

inherent fluctuations in the flowrates they deliver, and these fluctuations may differ
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in both amplitude and phase between pumps. As a result, an active management
system is required to mitigate both short- and long-term electrolyte imbalances.

Smith et al. developed an image-based proportional-integral-derivative (PID)
controller to regulate differential flow rates between electrolyte streams |73]. Their
approach used an Otsu filter for liquid level detection in the reservoir. However,
this thresholding method struggled with edge cases — such as bubble formation and
inconsistent background lighting — resulting in frequent errors during long-term
testing. To address these limitations, the updated level sensor utilized a convo-
lutional neural network (CNN) segmentation pipeline. The LinkNet architecture,
implemented using the segmentation_models_pytorch (SMP) Python library, was
chosen for its ability to robustly handle common perturbations encountered during
extended operation. The improved performance of this approach in challenging
scenarios is demonstrated in Appendix [3.A.4]

The modified PID balancing system was implemented in a co-current flow cell
to evaluate the impact of liquid imbalance on long-term cycling stability. The

experiment spanned over two weeks and followed five distinct cycling protocols:

« Protocol I (Cycles 1 — 590 and 1191 — 1250): Charged to 20% SOC at 20 mA

cm 2

Protocol IT (Cycles 591 — 1170): Charged to 40% SOC at 40 mA cm ™2

Protocol I1I (Cycles 1171 — 1190): Charged to 60% SOC at 40 mA cm™?

Protocol IV (Cycles 1251 — 1270): Charged to 100% SOC at 30 mA cm ™2

Protocol V (Cycles 1271 — 1490): Charged to 100% SOC at 20 mA cm™2

To demonstrate the stable reversibility of the V(acac)s electrolyte, the cell
polarity was reversed at the transition between each protocol. This was achieved by
performing two consecutive discharge steps, effectively swapping the identities of
the anolyte and catholyte. For simplicity, Fig. (a) presents galvanostatic cycling
data for Protocols I and II (1,170 cycles over 12 days). The complete cycling data
set, covering all protocols, is provided in Appendix [3.A.5]
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Figure 3.3: (a) Stable galvanostatic cycling data of the 0.1 M V(acac)s, 0.3 M TEABF,
nonaqueous RFB in co-current flow with an active PID controller to maintain equal liquid
levels in each reservoir. Data for cycles 1,171 — 1,490 can be found in Appendix [3.A5]
(b) Cyclic voltammetry of the fresh and spent electrolytes after all 1,490 cycles. All
measurements were taken with a scan rate of 50 mV /s (c) Bulk area-specific resistance
of the cell during its lifetime. The full impedance spectra and their fits can be found in
Appendix (d,e) Voltaic (VE), coulombic (CE), utilization (UE), and energy (EE)
efficiencies during each protocol. Black dotted lines indicate a transition between cycling
conditions.

Fig. [3.3[(b) shows cyclic voltammetry (CV) sweeps of both fresh and spent
electrolytes, revealing minimal electrolyte degradation after 1,490 cycles. The
slight difference in peak magnitudes in the spent anolyte is attributed to residual
reservoir imbalance at the end of the experiment. Notably, upon completion of
Protocol V, severe pore clogging prevented the PID controller from delivering
sufficient interchamber pressure, leading to a steady ~2 mL of liquid imbalance
between the tanks.

Impedance measurements were recorded every 10 cycles to track the full-cell
resistance throughout the experiment. Surprisingly, Fig. [3.3(c) shows that the
co-current cell with PID control maintained stable cycling throughout Protocols 1

and II. In contrast, the co-current cell without PID level balancing reached an ASR
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of 2.0 Q ecm™2 within just 134 cycles, whereas the PID-controlled system exhibited
a significantly lower ASR of 1.78 2 cm™2 even after 12 days of continuous cycling
under more aggressive conditions. This stark difference underscores the critical role
of active reservoir balancing in maintaining long-term cell performance. Note that
after each protocol, the polarity was reversed, effectively swapping the identities of
the anolyte and catholyte and flushing the pores of the membrane. This had no
impact on the overall efficiency trends, and once membrane fouling began during
Protocol 111, flushing the membrane did not restore cell performance.

The efficiencies for the first two protocols are plotted in Fig. [3.3|d). Consistent
with the stable cell resistance, all efficiency metrics remained relatively stable
throughout the first 1,170 cycles. The total energy capacity fade (on a Wh/L basis)
during Protocols I and II was 0.13% and 0.286%, respectively. For Protocol I, this
corresponds to a fade rate of 0.0011% per equivalent cycle or 0.021% per day. Each
equivalent cycle is defined as a full charge-discharge cycle to 100% SOC (i.e., five
cycles of Protocol I correspond to one equivalent cycle). For Protocol 11, the fade
rates were 0.0012% per equivalent cycle or 0.048% per day.

The close agreement between the two protocols’ fade rates on an equivalent cycle
basis suggests that the observed capacity fade is primarily a function of cycling
history rather than time or electrolyte degradation. This conclusion is further
supported by the pristine condition of the spent electrolytes, as shown in Fig. (b)
The stark contrast in performance between cells with and without a level-balancing
system highlights the importance of eliminating reservoir imbalance effects when
evaluating the stability of novel flow battery chemistries.

During Protocol III, the rapid increase in full-cell resistance led to a higher
capacity fade rate. Once the cell reached its upper voltage limit of 3.0 V, the cycling
protocol was reverted to Protocol I for 60 cycles. However, during these cycles,
cell resistance continued to rise, resulting in lower energy and voltage efficiencies
compared to the initial implementation of Protocol I (Cycles 1-590). This suggests
that Protocol III induced a form of irreversible membrane fouling, preventing the

cell from recovering its original performance.

52



3. Mitigating Membrane Fouling in Redox Flow Batteries

In Protocols IV and V, the cycling conditions were pushed even further, exacer-
bating the degradation mechanisms. The characteristic signatures of membrane
fouling were again observed, including a sigmoidal increase in coulombic efficiency
and a progressive decline in voltage efficiency. The similarity in degradation patterns
between the co-current cells with and without PID level balancing suggests that
while V(acac)s concentration gradients are effectively minimized at lower current
densities and SOCs, they do not completely prevent membrane fouling under more
aggressive cycling conditions.

Recognizing the critical role of reservoir balancing in long-term RFB performance,
a user-friendly program was developed to facilitate broader adoption within the RFB
research community. The PID level-balancing code and accompanying program have
been documented and published in a data repository [87]. To ensure accessibility, the
program is designed for ease of use, allowing researchers with minimal coding or IT
experience to install and implement a similar system effortlessly. The PID controller
code is hardware-agnostic and compatible with various microcontrollers. Screenshots
of the user interface and setup menu are shown in Fig. 3.4(a,b). Additionally, for
users with programming experience who wish to modify the program’s outputs, the
source code is available in the following GitHub repository [87].

The software manages all aspects of pump control and volume rebalancing
through an intuitive graphical user interface (GUI), requiring manual hardware
wiring only during initial setup. This setup involves connecting each pump’s control
wire to any microcontroller pin that supports analogWrite(), while tachometer
wires, if present, should be connected to digital interrupt-capable pins. Pinout
diagrams for most Arduino-supported microcontrollers provide this information.
Additionally, a common ground must be established by connecting the GND pin
to the negative terminal of the DC bus supplying the pumps. Using these pin
assignments, the program automatically generates microcontroller code to handle
serial communication with the PC, control voltage output, and tachometer signal

processing, as illustrated in Fig. [3.4]c).
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PID Settings.
a) Level Sensoris ON Data Logging is OFF PIDis ON

Pump Assignments

Anolyte Pump b Equilibrium C

Catholyte Pump a

Anolyte Refill Pump | e

Catholyte Refill Pump | None:

Pump G . Apply.

Refill Percent Tri
080.0

Cutoff Method Stop when full - Stop after time

Confirm

c)
a Serial Port and Set Up Pumps 7.50 4 Anolyte - 15
Profile Name ump_example 725 T CathOIyte
rofile Name: pump_example s - 10 ’\O\
- o
Serial Port COM? - USB Serial De 7 £ 7.00 5 T,:
- B (]
Generat code 2 6.75 o
> Lo >
3 Z
Pump Name 2 6.50 a
- g L5 o
ump A 3 6.25 S
= o}
Pump B Y s - 6.00 - - -10 O
Generate Code 575 . ; - _1 5
el I I I I I I
0 10 20 30 40 50

Time (min)

Figure 3.4: (a) Microcontroller setup page, showing the pin assignment process and
code generation option.(b) User-configurable settings for the PID /refill control scheme.
Similar options exist for other areas of the program. (c) Pump control page. The orange-
highlighted pumps are actuated by the controller, while pumps A and B have had manual
duties applied. The status of the volume sensor, controller, and data logger are also
displayed.

Fig. [3.4{(a) displays the program’s main interface, where the level sensor and
PID controller can be activated alongside a suite of user-configurable settings, some
of which are shown in Fig. [3.4(b). Notably, the software includes a solvent refill
control scheme that monitors total electrolyte volume and replenishes the reservoirs
when levels fall below a set threshold. Additionally, a built-in data logger records
electrolyte volumes, pump duty cycles, and periodic reservoir images. With an
appropriate fluid delivery setup, the program effectively mitigates both electrolyte
imbalance and loss, significantly extending cell lifespan.

While the LinkNet segmentation pipeline achieved 99.54% accuracy and a Dice
coefficient of 97.49% on unseen test data, these results may not be immediately
replicable in other lab setups, as the model was trained exclusively on images
from our specific experimental layout. To address this, a non-parametric adaptive

thresholding pipeline is included as a fallback volume detector. Additionally, the
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data logger plays a crucial role in bridging this gap — by continuously recording
images during experiments, it passively builds a large training dataset. Retraining
the LinkNet model on these images allows it to adapt to the user’s reservoir setup,
ultimately recovering the performance observed in our experiments.

With appropriate parameter tuning and level detection, electrolyte imbalance
was limited to 0.25 mL. Figure (d) plots typical liquid levels and pump duty
biases during cycling experiments, revealing a periodic fluctuation in liquid levels
that aligns with the charge-discharge cycle duration (~15 min). As the battery
charges and discharges, the electrolyte composition changes, requiring the pumps
to dynamically adjust their duty cycles to maintain balance. This periodic trend
highlights both the necessity and effectiveness of an active level-balancing system

for long-duration testing.

3.3.3 Flow field exploration

Flow field design in RFBs is a more extensively studied topic compared to membrane
fouling in nonaqueous electrolytes. Houser et al. investigated the impact of different
flow field architectures through both mathematical modeling and experimental
validation [88]. Their study included two channel-less flow field designs similar to
those used in this work: one with an equal aspect ratio (EPL) and another with a
short but wide path between the inlet and outlet (large aspect ratio). They found
that cells with larger aspect ratios exhibited lower pressure drops across the cell,
leading to higher net energy efficiencies. Building upon this work, this section
examines how different flow configurations (co-current vs. counter-current) and
flow rates influence cells with varying aspect ratios.

For this study, a modified cell design was employed to accommodate a broader
range of flow field geometries. The expanded cell dimensions are provided in
Appendix 3.A.2] To systematically assess performance differences, two extreme
aspect ratios were selected. The small aspect ratio (1:3) directed the bulk of the
electrolyte parallel to the cell length, while the large aspect ratio (3:1) oriented
the bulk of the electrolyte perpendicular to the cell length. These configurations
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Figure 3.5: Pictures of the (a) parallel and (b) perpendicular flow field configurations.
(c) Voltaic efficiencies for both flow fields under various flow configurations, volumetric
flow rates, and mean linear flow velocities. Each data point is collected during cycling of
the 0.1 M V(acac)s, 0.3 M TEABF, nonaqueous electrolyte to 20% SOC at 20 mA cm~2.

are henceforth referred to as the parallel and perpendicular flow fields, respectively.
Fig. ﬂ(a,b) displays images of the porous electrode integrated into the flow
plate for each configuration.

The objective was to determine the effects of counter-current versus co-current
operation on voltaic efficiency under two different conditions: (1) at the same mean
linear flow velocity and (2) at the same volumetric flow rate. Both conditions
were tested for the parallel and perpendicular flow fields to evaluate their impact
on cell performance.

Under identical mean linear flow velocities, the pore Reynolds number—and
consequently, the boundary layer characteristics—should be comparable between
the parallel and perpendicular flow fields. The resulting voltaic efficiencies for
these conditions are plotted with black dots in Fig. c). In the parallel flow
field, the co-current configuration led to an approximate 3% increase in voltaic
efficiency. However, in the perpendicular flow field, the increase in voltaic efficiency
was negligible. This result is likely due to the significantly shorter residence
time in the perpendicular configuration, which limits the extent to which flow-
related effects can manifest. Since differences between flow configurations arise
along the direction of electrolyte flow, the reduced flow path in the perpendicular

cell minimizes these effects.
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Additionally, the perpendicular cell exhibited a ~6% and ~4% increase in
efficiency under counter-current and co-current operation, respectively, compared
to the parallel flow field. This trend aligns with expectations: due to the shorter
residence time in the perpendicular configuration, a smaller fraction of the electrolyte
undergoes reaction per pass, given that current densities remain constant. As a
result, in the parallel flow field, lower concentrations of unreacted active species
accumulate toward the reactor’s outlet, leading to increased overpotentials required
to sustain the reaction. This translates to a lower mean cell voltage, as measured
by the potentiostat.

Initially, volumetric flow rates were adjusted between cells to match flow
velocities, ensuring that boundary layers and residence times remained consistent.
While useful, focusing solely on flow velocities can be misleading, as different
velocities result in significantly different pressure losses across the cell. Assuming
the pressure drop across the electrode follows Darcy’s law, it can be reasonably
inferred that pressure drops are equivalent in the case of similar volumetric flow
rates. To investigate these effects, two volumetric flow rates — 26.8 mL/min and
79.5 mL/min (depicted in orange and purple in Fig. [3.5(c)) — were tested. At
both flow rates, the perpendicular flow field outperformed the parallel configuration.
Given that residence times were identical, this suggests that the perpendicular cell
enhances mass transfer by facilitating the transport of unreacted active species.
Thus, the perpendicular flow field presents a dual advantage: it reduces pumping
energy requirements while simultaneously improving voltaic efficiency.

For the perpendicular flow field, co-current and counter-current operation
resulted in negligible differences in efficiency, likely due to the short residence
time of the active species, as discussed earlier. In contrast, within the parallel flow
field, co-current operation provided a notable improvement in voltaic efficiency
compared to counter-current flow. This efficiency difference was more pronounced
at the lower flow rate. Despite identical residence times in the parallel cells at 26.8
mL /min, the co-current configuration outperformed the counter-current setup by

~3%. These findings indicate that larger aspect ratios (i.e., perpendicular flow
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fields) and co-current operation are generally preferable. However, with respect to
volumetric flow rate, there exists a tradeoff between voltaic efficiency and pumping

losses, which can be optimized based on specific application requirements.

3.4 Conclusions

This chapter systematically investigates the role of membrane stability, concentration
gradients, and flow field design in the long-term performance of nonaqueous redox
flow batteries. The use of stable vanadium acetylacetonate (V(acac)s) chemistry
enables isolation of membrane fouling degradation mechanisms, while revealing
key approaches to minimize performance losses. The results demonstrate that
concentration gradients across porous membranes significantly impact fouling and
capacity retention. Switching from counter-current to co-current flow reduced
membrane fouling rates by a factor of two. Additionally, implementing an active
reservoir balancing system effectively eliminated membrane fouling at lower current
densities and maintained stable cycling performance over multi-week experiments.
Capacity fade remained time-independent, with minimal losses of 0.0011% and
0.0012% per full charge-discharge cycle at 20 mA cm~2 and 40 mA cm™~2, respectively.
Furthermore, cyclic voltammetry confirmed negligible electrolyte degradation,
reinforcing the stability of the V(acac)s system.

Beyond membrane performance, this chapter explored the impact of flow
field design on voltaic efficiency. The results show that larger aspect ratio flow
fields enhance mass transport, leading to a ~5% increase in voltaic efficiency
while simultaneously reducing pumping energy demands. Co-current operation
consistently improved cell performance, particularly at lower flow rates, where mass
transfer limitations are more pronounced. Finally, the inherent tradeoff between
voltaic efficiency and volumetric flow rate are highlighted, emphasizing the need
for application-specific optimization in RFB system design.

It is important to note that the experiments in this chapter primarily employ
flow-through flow fields, whereas most commercial redox-flow batteries utilize

flow-by or interdigitated configurations. This choice reflects practical constraints

58



3. Mitigating Membrane Fouling in Redox Flow Batteries

at the academic scale, where implementing leak-tight and mechanically robust
flow-by architectures in small-format cells is challenging. As a consequence, the
hydrodynamic environment explored here differs from that of commercial systems,
particularly with respect to per-pass utilization and electrolyte residence time. In
the present work, per-pass conversions are intentionally kept low (around 1%) to
minimize concentration gradients and isolate membrane fouling phenomena. In
contrast, commercial VRFBs are generally designed to operate at higher per-pass
utilizations and lower flow rates normalized by electrode area, although detailed
industrial values are not publicly disclosed. These differences complicate direct
quantitative extrapolation of the results reported here. Nevertheless, the qualitative
trends observed — namely the sensitivity of membrane fouling and cell performance
to concentration gradients imposed by flow configuration — are expected to remain
relevant across scales. In particular, the results underscore that flow-field design
and electrolyte management play a central role in controlling separator exposure
to non-uniform reactant concentrations, irrespective of whether flow-through or
flow-by architectures are employed.

These findings offer valuable insights for both assessing new nonaqueous RFB
chemistries and optimizing existing systems. By providing practical strategies for
isolating and mitigating membrane degradation while improving overall system
efficiency, this work establishes a framework for more reliable long-term cycling.
Additionally, the development of a user-friendly reservoir balancing application
facilitates broader adoption of these improvements within the RFB research com-
munity. Future work should extend these findings on porous separators to ion
exchange membranes, further exploring their limitations and potential mitigation

strategies in similar nonaqueous electrolytes.
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3.A Appendices

3.A.1 Cell 1 reactor schematics
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Figure 3.6: (a) Schematic for the Cell 1 flow cell reactor, (b) flow plate, and (c-d)
diffuser plate. All measurements are reported in millimetres. The exposed membrane and
electrode area has height of 1.64 cm (parallel to flow) and a width of 1.34 cm, resulting in
a cross-sectional area of 2.20 cm?. The compressed width and porosity of the electrode
is 1.6 mm and 80% respectively. Thus, the open cell area normal to flow is 0.17 cm?.
Flow rates are reported as mean linear flow rates across the separator. With this reactor
geometry, a 1.0 cm/s, 2.5 cm/s, and 5.0 cm/s linear flow rate corresponds to 10 mL/min,
26 mL/min, and 51 mL/min respectively.
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3.A.2 Cell 2 reactor schematics
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Figure 3.7: (a) Exploded view of the Cell 2 flow cell reactor, alongside schematics for
(b) stainless steel outer bracket, (c¢) polypropylene fluid inlet and (d) graphite current
collector. (e) 2D cutout of the design, showing the path of electrolyte through the reactor
under co-current operation. Colours and positions of each part correspond to those in (a).
The PTFE flow field and surrounding gasketing are laser cut and swapped in to achieve
the different flow shapes. Six M8 bolts under 45 in-1b of torque are used to keep the cell
under compression, which holds the reactor at 3.0 mm thickness, and a volume of 0.9 cm?.
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3.A.3 Cycling data for co- vs.

counter-current flow con-
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Figure 3.8: Representative voltage (a-b) and impedance (c-d) data for the (a,c) counter-
current and (b,d) co-current cell without PID control. The black lines in the Nyquist
plots are fits from the equivalent circuit model. Both cells were run with identical cycling
conditions.
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3.A.4 Improvements to level detection filter
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Figure 3.9: (a) Inaccurate filter detection under common perturbations, including
camera movement, a thin film of electrolyte on the tank wall, and varying background
lighting. (b) Improved level detection method demonstrating robustness against the same
perturbations.

3.A.5 Galvanostatic cycling data for co-current cell with
PID control
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Figure 3.10: Representative voltage data for each protocol of the co-current cell with
PID control and solvent refill.
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Figure 3.11: Impedance fits for the co-current cell with the active level-balancing

controller during each protocol.
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4. Deconstructing the Onsager-Stefan-Mazwell Framework

4.1 Introduction

Accurate modeling of ionic transport in concentrated electrolyte solutions requires
accounting for complex interactions among ions and solvent molecules, as these
interactions significantly influence electrolyte behavior and performance in electro-
chemical devices [89, 90]. Classical dilute-solution transport models, such as the
Nernst—Planck theory, fail to describe ion transport accurately at high concentrations
due to oversimplified assumptions about ion-ion and ion-solvent interactions [58, 91].
To overcome these limitations, the Onsager—Stefan-Maxwell (OSM) framework is
utilized, providing a rigorous foundation for modeling mass transport in concentrated
electrolyte solutions. This chapter does not revisit the established value of OSM
theory itself, but introduces a salt—charge reformulation designed to independently
assess the role of electroneutrality, thermodynamic factors, and model reduction
in transport problems relevant to redox flow batteries.

The OSM framework originates from the principles established by Maxwell and
Stefan, who first described multicomponent diffusive fluxes based on relative motion
between species driven by chemical potential gradients [62, 92-94]. Onsager later
introduced a theoretical underpinning by connecting irreversible thermodynamics
to more general flux-force relationships [95, 96]. The OSM transport equations
explicitly account for interactions between multiple species, enabling the accurate
description of electrolyte behavior even at high ionic strengths where electrostatic
and steric interactions between solute species become substantial.

For electrolytic solutions with n species in an isothermal, isotropic, isobaric
phase, the Onsager—Stephan—-Maxwell equations relate the gradient in electro-

chemical potentials as
j=1

where p; signifies the electrochemical potential of species ¢ and N ;, its total molar

flux. The Stefan—Maxwell transport coefficients, M;;, make up an n x n matrix
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M whose entries are

RT
B TR
gy L 7J

U YRT & ¢
cr ki gzkcj

(4.2)

if Q=7

in which R represents the gas constant, 7', the absolute temperature, ct, the total
species molarity, ¢;, the molarity of species ¢, and %;;, the Stefan-Maxwell diffusivity
of species i through species j. This structure is derived by using principles of
irreversible thermodynamics to formulate a general force-explicit transport equation
explicit in chemical-potential gradients, and then comparing its transport matrix
to the matrix of Stefan-Maxwell parameters.

Despite its accuracy, the OSM framework is usually not employed when modeling
redox flow batteries (RFBs) due to practical constraints [97]. A significant barrier
to widespread adoption is the substantial experimental and computational effort
required to quantify numerous material parameters, including diffusivities and
thermodynamic factors [98]. The complexity and experimental burden involved in
accurately determining these parameters often lead researchers to adopt simpler,
albeit less accurate, transport models.

Nonetheless, employing the OSM framework for RFBs is particularly crucial.
RFB electrolytes frequently operate under concentrated conditions to achieve
desirable energy densities, resulting in strong interactions among ionic species.
Ignoring these interactions can lead to substantial inaccuracies when predicting
battery performance metrics, including cell resistance, concentration polarization,
and reaction kinetics at electrodes [99, 100]. The OSM approach thus becomes
essential for accurately capturing nuanced transport phenomena within concentrated
electrolytes, guiding optimization and technological improvements by providing
realistic performance predictions.

As demonstrated in Chapters [2] and [3] concentration-driven inefficiencies can
significantly impact the performance of redox flow batteries (RFBs). Accurate mod-
eling using the Onsager—Stefan—-Maxwell (OSM) framework enables a more rigorous

description of the transport phenomena in the concentrated electrolytes commonly
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employed in RFB systems. This chapter adopts a salt-charge basis to independently
evaluate the validity of three frequently invoked assumptions in electrolyte modeling
within the OSM framework: (1) electroneutrality, (2) thermodynamic ideality, and
(3) negligible ion—ion friction (drag). Subsequently, several reduced submodels are
introduced, culminating in an example that demonstrates how these assumptions

can simplify the OSM equations into the more familiar Nernst—Planck formulation.

4.2 State variables in the salt—charge basis

This section introduces all the state variables required to derive the dynamics of
isothermal, isobaric, stagnant electrolytic solutions through the Onsager—Stefan—
Maxwell framework [96], and provides transformations to and from a salt—charge
basis of the type proposed by Van-Brunt et al. [64]. Matrix notation will be used
to simplify expressions and enhance the clarity of equations describing multispecies
transport. By organizing state variables into column vectors — where each entry
corresponds to a different species — we can represent full sets of species-specific
equations compactly as single matrix equations. This transformation is not merely
a change of variables, but provides a structured separation between charge-driven
and mass-driven transport processes that is not explicit in standard species-based
OSM formulations. The theory and new relationships provided here largely build
upon prior works by Monroe et al. and Van-Brunt et al. [64, [101].

4.2.1 Chemical potentials

Transport models are fundamentally grounded in principles from equilibrium
thermodynamics. In particular, chemical thermodynamics is based on the principle
that the molar free energy of a mixture is distributed among its components in
proportion to their molar quantities, with each species’ contribution weighted
by its chemical potential [102] |103]. At thermodynamic equilibrium, all species-
specific bulk properties are determined by these chemical potentials. In the context

of transport theory, chemical potentials are especially important, as gradients
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in chemical potential between adjacent open systems serve as the driving force
for material exchange.

A set of hypothetical simple association equilibria can be written to identify
components within a mixture of charged species. For example, the equilibrium
reaction of a binary salt that dissociates into species S; and S; with charges of

z; and z; respectively can be written as
Vlsfl + Vjsjz'j — (Si)Vi(Sj)Vjv (43>

where the stoichiometric proportions of v; and v; must satisfy the Guggenheim
condition such that v;z; + v;2; = 0, with v; and v; coprime whole numbers [104].
Throughout this chapter, I refer to the products of such association equilibria as
components and the reactants as species. Note that the components, which are
neutral by definition, have a measurable chemical potential which is the sum of

its species chemical potentials u; such that

Vitts, + Vils; = IS, (S)s;- (4.4)

In the case of an uncharged uni-molecular species, S; would just be in equilibrium
with itself: whenever z; = 0, v; = 1 and v; = 0.

Van-Brunt et al. introduced the idea of a salt—charge basis |64], an algebraic
structure that systematically orders the n (generally charged) species in an electro-
lytic system and maps them into a set comprising n— 1 (uncharged) components and
the excess charge density. Every possible neutral component can be formed using
recombination reactions involving n — 1 association products, resulting in only n — 1
independent simple association equilibria. For each simple association equilibrium
k, let vy be a n-dimensional column matrix whose ith entry is the stoichiometric
coefficient of species 7 in reaction k. Additionally, define z as a n-dimensional column
matrix whose ith entry is the equivalent charge of species i. From Eq. .3 we
know that for every equilibrium reaction k, v}z = 0. This feature of Guggenheim’s
condition results in the orthogonality of each set of reaction-reactant stoichiometries

v;. to the list of species charges z. These two column vectors allow one to form
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a measurable component chemical potential from species chemical potentials in
a general and thermodynamically rigorous manner.

By construction, the combined column matrices of v; and z are linearly independ-
ent; thus, the n-tuple {v1,...,v, 1,2z} form a basis for the entire composition space.
By convention, the species in a salt—charge basis are ordered with ny uncharged
species first and n. charged species after (n = ng + n.), such that species n and
n — 1 are stipulated to have opposed charges. This forms z where the first ng entries
equal zero and its last n. entries are nonzero, with z, /2,1 < 0. The choices making

up the salt—charge basis are summarized by an invertible matrix Z,

vi
: N'
Tl [ZT] 4
z' /|||

where the superscript T indicates the matrix transpose, ||z|| = VzTz, and N is an

n X (n — 1) matrix whose ith column is v;. By design, N has a block structure

N = [Vl Ce Vn—l} — [Oizlino Onoi&ncl)‘|

where O; ; is a ¢ X j matrix of zeros, I,,; is the ng x ng identity matrix and A is a

(4.6)

ne X (ne — 1) matrix of rank n. — 1. A concrete example of establishing a salt—charge
basis for a 2 solvent, 4 ion electrolyte is demonstrated in Appendix |4.A.1]
The invertible transformation matrix Z can be used to convert the electrochemical

potential of each species to their respective components through

By =2p = [”’”] 7 (4.7)
Mz
where p, = Flz||®,. The (n — 1)-dimensional column matrix, p,, lists the

component chemical potentials in order of the corresponding association equilibria.
The last element of p, is the non-neutral free-energy contribution that involves
the salt—charge potential @, which is related to the solution potential @ through

Guggenheim’s species activities by

RT &
py = HZ% In a;, + F||z|| &, (4.8)

=1
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in which R is the gas constant, T' is the absolute temperature, F' is Faraday’s
constant and a; represents the chemical activity of species i. Although the chemical
and electrical contributions of both the solution and salt—charge potentials are
indistinguishable, one can still understand the salt—charge potential @, as a type
of electrical potential with units of volts. As we shall see later, the Nernst—Planck
potential and salt—charge potential identify with each other in a thermodynamically
ideal (a; = 1) solution. Van-Brunt et al. have shown how to relate the salt—charge
potential to the potential measured by a given reference electrode [64].

The inverse of the transformation matrix is used to convert the component
chemical potentials back into species chemical potentials as p = Z 'u,. In
doing so it is worth noting that Z™' can be written in block form determined

entirely by the matrices N and z:
Z7 =R 2], where N=N(N'N) (4.9)
the matrix R is a n x (n — 1) matrix whose block form is

N = l oIni Ono%ﬂr” : (4.10)
Ne XNQ

where B is a n. x (n. — 1) submatrix. Note that the left inverse N is fully defined

by N and has equal rank to it. This results in two convenient properties,

N'®=1I,;, and NX'=RN'"=1I, -2z, (4.11)

which are derived from Egs. and (see Appendices [4.A.2] and [£.A.3)) and

will prove useful later.

4.2.2 Extensive variables

Continuum transport models are generally formulated as systems of partial differ-
ential equations defined within a fixed, inertial reference frame. These equations
describe how various physical quantities — such as scalar, vector, or tensor fields
that represent the local state of a material — change over time within infinitesimal

control volumes centered at specific points in space. According to the framework
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of irreversible thermodynamics, all these neighboring control volumes are treated
as open subsystems within the broader material system. In the case of a mul-
ticomponent mixture, the state at any point is typically characterized by the local
temperature 7', pressure p, and the molar concentrations ¢; of each species (with
i = 1 to n). Additionally, each species has an associated molar flux vector Ni,
which represents its net transport across the control volume’s boundary. Depending
on the context, these models may also include a heat flux vector [105], as well
as traceless tensors that represent mechanical effects like strain, deformation rate,
and deviatoric stress [106/108].

The instantaneous state of species composition within a control volume con-
taining n species is quantified by the n-entry column matrix c, whose ith entry
is the scalar molar species concentration ¢;; the dynamical state is quantified by
the n-entry column matrix n, whose ith entry is the species flux vector N;. All n

species continuity equations can thus be captured by the matrix equation

(;;:—ﬁ-ﬁJrr, (4.12)
where r is a column matrix whose ith entry quantifies the volumetric generation
rate of species i. Here dc/0t and AV respectively represent columns whose
ith entries are Jc;/0t and V - N,

Faraday’s law for charge relates the local excess charge density p. within a

material to its species concentrations through
T
pe = Fz'c, (4.13)

where F' is Faraday’s constant. Similarly, the current density i relates to the

species fluxes through
i=Fz', (4.14)

which is Faraday’s law for current. Homogeneous electrochemical reactions balance

T

charge as well as mass, so z' r = 0 when all species within a mass-transport system

are constrained to a single phase.
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Goyal and Monroe discussed how mass conservation and Eq. imply the

familiar mass continuity relation from fluid mechanics,

gfz — - (o), (4.15)
if a mixture’s density p and mass-average flow velocity v are consistently defined
through the molar masses of each species [107]. They also showed that charge
conservation and Eq. imply the same charge continuity equation which

derives from Maxwell’s equations,

0pe
ot

—

——V-i, (4.16)

if p. and i are consistently defined through z.

As we proceed, equation alone suffices to express material continuity. It is
important to note, however, that Eq. implies the mass-continuity condition
while definitions [4.13] and [4.14] imply the charge-continuity condition (.16}

The interdependence among species, mass, and charge continuity equations can
sometimes be leveraged to simplify transport analysis. For instance, Newman
applied continuity equations for salt concentration and charge density instead of
cation and anion concentrations to analyze transport near a rotating disk electrode
[109]. Doyle et al. utilized charge continuity instead of an anion balance in their
lithium-ion battery model [90]. Newman and Chapman employed molar-volume
continuity, charge continuity, and salt continuity instead of species balances when
examining restricted diffusion in a binary electrolytic solution [110], a method also
employed by Liu and Monroe in their study of solute-volume effects [106].

It is sometimes convenient to consider the total molar mass of a mixture m.

Let the total species molarity cr be defined as
cr=> ¢ =1"c, (4.17)
i=1

in which 1 is a column vector whose entries are all ‘1’. Then 7 is defined by the

mixture’s density p through m = p/ecr.
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The transformation matrix Z can be used to convert a set of species concen-

trations and fluxes to the salt—charge basis such that

n,
cz; =72 "c= [ Cp: ] and fNyz=7 "0= l 7 ] (4.18)
Flz]| Fllz||

where the superscript — T represents the inverse transpose. Similar to the component
chemical potentials, ¢, and 1, are (n — 1)-dimensional column vectors consisting
of the component concentrations and fluxes, respectively. The last entry of cz
expresses the excess charge in molar units, while the last entry of ny represent the
normalized current density. The last entry of cz is nonzero under the assumption
of electroneutrality, but the last entry of ny is not.

Alternatively, one can left-multiply Eq. by Z" to show that the decomposi-

tions

VA —

i (4.19)
F|z]]

—

C:Ncl,jtipe and n=Nn, +
F|z]]

express the species ¢ and n in terms of the n—1 electroneutral components ¢, and n,,
and the non-neutral charge variations or current densities associated with p. and 1.

— . . el .
The fluxes n can also be written in terms of excess fluxes j relative to any

+cv*, Eq. implies that

— oF

convective velocity v*. Letting n = j

A~
—%

j =Nj, +

F|TZH (;— peU*) (4.20)

— %

where j, = n, — ¢, v* defines the set of excess component fluxes relative to v *.
From this, it is clear that the excess current density from charge convection it
is related to the total electrical current density such that 7 = i* + peU. When

electroneutrality is assumed, ¢ = ¢ *, independent of convection.

4.2.3 Intensive variables

Molar masses, which are independent of pressure p, temperature 7', and species
makeup c, allow one to define the intensive property of mass density p of any

n-ary mixture through the inner product

P = ZmiCi = ﬁTc, (421)
i=1
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in which m is an n-dimensional column matrix consisting of the molar mass m; of
species 7. Note that combining this with Eq. allows one to define ™ = p/cr
as the total molar mass. Despite its foundational role, the thermodynamics of
material volume is seldom explicitly considered in transport analyses. In the
context of convective diffusion within condensed phases, the standard assumption of
incompressibility (constant p) is frequently adopted without question [111]. However,
even under constant temperature and pressure, a material’s mass density can exhibit
significant dependence on local composition. For example, density measurements of
non-aqueous battery electrolytes such as LiPFg in carbonate solvents demonstrate
systematic, concentration-dependent variations, with reported density changes
on the order of several percent over typical operating concentration ranges[112,
113]. These deviations imply that applying the incompressibility assumption to
multispecies mass transport can overlook key effects that may be critical to accurately
capturing system behavior [99].

Additionally, define the mass-average flow velocity ¢ as

which will be used to separate n into its convective and diffusive motions in section
Assuming the absence of nuclear reactions and sufficiently low ¢ to neglect
relativistic effects, the principle that chemical reactions conserve mass requires
that m'r = 0 locally within any single-phase material. In other words, element
conservation in chemical reactions implies that the set of species generation rates
is orthogonal to the species molar masses.

Instead of using molar concentrations, the following analysis adopts species mole
fractions as the composition variables in the thermodynamic constitutive relations.
As noted by Liu and Monroe |114], mole fractions offer several advantages: they
directly reflect the relative counts of molecular entities, are dimensionless, remain
invariant with respect to temperature and pressure, and are inherently bounded
between 0 and 1. However, it is worth briefly noting a limitation of this approach.

Mole-fraction-based composition can become problematic in mixtures with highly
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disparate species molecular weights, particularly in systems containing long-chain or
polydisperse polymers. To address such challenges, prior studies — including those
by Pintauro and Bennion |115], Fuller and Newman [116], Fornasiero et al. [117],
and Salehi et al. [118] — have treated representative repeat units, rather than entire
polymer chains, as distinct species for defining concentrations and computing partial
properties. It is important to recognize, however, that the transport models of most
canonical theories describing polymer mixture thermodynamics employ volume
fractions to characterize composition [119]. Accurately measuring or controlling the
volumes occupied by condensed phases presents significant experimental challenges.
In isobaric, isothermal systems composed of liquids or solids, the total molar volume
can vary with local composition. While molar concentrations offer intuitive insight
into particle motion and mass density aids in understanding momentum transport,
it is important to recognize that the physical volumes underpinning both ¢ and

p may vary spatially in nonequilibrium systems.
Let the species mole fractions y and component mole fractions y, be defined as
y = ic and y, = i(:Z = [ ?.j: ] (4.23)

cr cr Ferllz]|

respectively. Note that the traditional properties of mole fractions restrict the sum

of the elements within y and therefore y, through
1=1"y=v,y,, (4.24)
wherein the stoichiometric correction

V2221:lmw (4.25)

Vs

expresses the number of species contributed by each neutral component and the
effect of excess-charge variation on total molar content.

The restriction imposed by the mole fraction sums makes one of the entries
in y and y, redundant. For example, the mole fraction of species n is defined
by yp = 1 — X" 1y, Thus, it is often convenient to work with the truncated

set of species mole fractions y_,, which discards the nth entry of y into a n — 1
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column matrix consisting of independent mole fractions. Specifically, one can form

this set by using the matrix product

Y. = Iﬂnﬁn O-nlYy, (426>

in which v_; represents the submatrix formed by striking the kth row entry of
column v and A ;, the submatrix formed by striking the kth row and [th column

of matrix A but leaving all its columns (or rows). For example, matrices N and

N can be defined concisely as N' = Z_, o and R = (Z_1>0 .

4.2.4 Volume equation of state

The total species molarity ¢t used in defining y and y, is a function of temperature,
pressure, and composition through thermodynamic properties. Define the partial
molar volume V; as the variation in volume V of a solution with changes in the
molar composition at a given temperature and pressure. Alternatively, the Maxwell
relations from classical thermodynamics show that the chemical potential of species

¢ varies with pressure through

V, = <av> :(a’“"'> . (4.27)
on; Tpy Ip Tpy

Experimental determination of partial molar volumes typically involves studying how

mass density p changes with mixture composition [120]. Computational approaches
have also been employed, with values extracted from molecular dynamics simulations
by analyzing thermodynamic fluctuations [121]. Again, let ¥ be a n-dimensional
column matrix whose ith entry is V;. Note that the extensivity of volume requires
that yTﬁv = 0 at a fixed T and p. Dividing the total differential of V at constant

T and p by the summation of the total moles in the system shows that

L STy =Ty, (4.28)

It is clear that cp(y), which in turn implies that the solution density p = mcr

is a thermodynamic function of y only. Multiplication of the equation of state
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by cr, taking the gradient of both sides, applying the Gibbs-Duhem equation for

volume [122], and replacing y with ¢/cp shows that
viVe=10 (4.29)

at constant temperature and pressure. Thus, within a multi-species single phase
under isothermal and isobaric conditions, one of the species molarities must depend
on the others and the set of species-concentration gradients Ve is orthogonal to V.

The gradient of Eq. can be simplified with Eqs. and to define

the relationship between the concentration and mole fraction gradients as

Ve = cr(y) (I- ex(y)yv') Vy (4.30)
and

. 1 L e

V= (I i ) Ve, (4.31)

Recall, however, that there are only n — 1 independent entries of ¢ and y
due to Gibbs phase rule (Eq. |4.28)) and the mole fraction sum requirement (Eq.
4.24)). Eliminating the redundant nth entry of ¢ and y results in the following

forms of the state equations:

11 T
er(en) = = — = (Von = Vlon) € (4.32)
or
1 — — T
— =Vt (Vo = Vil yon. 4.33
el ) 3

The independent state equations from [£.32] and [£.33] can be used to map the

concentration and mole fractions gradients again as

Vy., = ——— [Ln I (Vo — VnLn)T] Ve, (4.34)
or (cop) ’ cr (con) Vi
and
- - _ T =
Ve, =cr(y_,) [Ln,m —cr (Yon) Yon (Vﬁn - anﬁn) ] Vy_,. (4.35)

Note that because each entry of ﬁyﬁn and ﬁcﬁn is independent, both transforma-

tions are bijective, unlike the transformations of Eqs. [4.30] and [£.31]
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4.3 Dynamics in the salt—charge basis
4.3.1 Omnsager—Stefan—Maxwell framework

As discussed in the introduction, the force—explicit Onsager—Stefan—Maxwell con-

stitutive laws take the matrix form
—Vp = Mn, (4.36)

where M is a n X n matrix containing the Onsager drag coefficients and whose
elements relate to Stefan-Maxwell diffusivities through Eq. [£.2] The second
law of thermodynamics mandates that M is both positive semidefinite [96] and
symmetric (M = MT) as a consequence of the time-reversal symmetry and time-
translational invariance of correlations between microscopic composition fluctuations
[96, 101} |123].

Transformation to the salt—charge basis yields
—Vpy = Mziz, (4.37)
where Mz can be decomposed in block form such that

(4.38)

M, = ZMZT = [M mz] .

m! M,
The submatrix M, is an (n—1) x (n— 1) square matrix, m, is a (n — 1)-dimensional
column matrix, and M., is a scalar. The congruence transformation in equation [£.37]
implies that M is symmetric positive semidefinite if and only if M, is symmetric
positive semidefinite, and that both matrices have equal rank [64].

Flux-explicit formulations of the tranpsort laws are often used to facilitate
practical implementations of mass-transfer models. Therefore it is useful to develop
an inverted form of the Onsager—Stefan—-Maxwell equations. This requires some
care because of the singularity of M. To understand this inversion it is important
to consider convective mass transport.

Analyses of molecular transport distinguish between convective motion, where

all species are carried together at the same velocity, and diffusive motion, where
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species move relative of one another. To represent this separation, the molar flux

vector is typically decomposed as
i =j+ e, (4.39)

where .fdenotes the diffusive component, capturing species fluxes relative to the mass-
average velocity, and vc accounts for convective transport, with each component
representing the product between the corresponding entry of ¢ and the mass-average
velocity ¥ defined through Eq. [4.22] Utilizing fluxes relative to the mass-average
velocity, the inverted, flux-explicit OSM equations, stated respectively over the

species and salt—charge bases, take the form
j= —LVp  and IZ =—-L;Vu,, (4.40)

respectively. Here L is a n X n matrix consisting of the Onsager transport coefficient
matrix and L, follows a similar construction of M, such that

e Ju L, L \Y

2= L,] o [1; LJ [FnzﬁLvV@] | (14
Converting the matrix of force-explicit transport matrix M to the Onsager transport
matrix L is challenging because of the nullspace of M; however, Helfand [124] and
Fong [63] have resolved the transformations between these transport coefficients in
the case where the excess fluxes are referenced to the mass-average velocity as

mm' ) ce\ !
L = lim (M + ) or M = lim (L + ) . (4.42)

~—0 ¥ 7—0 Y

It was proved that L is symmetric and positive semidefinite whenever M is, and
that L has a one-dimensional nullspace for which m is a basis, i.e., Lim = o [105].

For solutions where a singular species m is present in great excess, it is convenient
to use the species velocity v, as the reference velocity for convection, following
Newman [58]. The excess molar flux of species i relative to the velocity of species m,
notated Jj-m, can be transformed to and from the mass-average velocity J; through

T —T
jm:<I—Clm>j and j:(I—Cm >jm, (4.43)

Cm p
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where i, represents the mth column of the n x n identity matrix I. Similar to the
total species fluxes n, the excess species fluxes jand jm are n-dimensional column
vectors whose ith entries are the species excess fluxes relative to the mass-average
velocity J; and species-referenced excess fluxes J_;m, respectively. Use of species-
referenced excess fluxes changes the corresponding Onsager transport coefficients
L™ in the flux-explicit transport laws. Because the row and column spaces of L

and L™ share the same kernel, they are linked by transformations of the form

.T s T =T me !
Lm:<_C‘m>L(1_‘mc> and L:(I—Cm>Lm<I—mc>,
Cm Cm p P

(4.44)

which do not require passage through the force-explicit form of the transport laws.

While the mass-averaged and species-referenced excess fluxes are the most
common forms of reference velocities, any particular reference velocity v* can be
used in establishing the flux-explicit parametrization of the Onsager laws. Similar
to Eq. [4.40] letting L* represent the Onsager transport coefficients based on the

— %
excess species fluxes j relative to some particular reference velocity v*,

j =-L'Vpu, (4.45)
where
T —1
) cc
M =lim (L"+ — (4.46)
¥—0 y

defines the process of converting the Onsager transport coefficient to the unique
force-explicit transport matrix M. Note that M so defined has a one-dimensional
nullspace spanned by c and is positive semidefinite and symmetric if and only

if the transport matrix L* is.

4.3.2 Electroneutral composition

It is often useful to isolate the effects of charge variation on electrolyte properties.
The salt—charge basis provides a starting point for this; any set of concentrations
in the salt—charge basis ¢ can be sent to a neutralized composition c® by setting

the last element to zero (remember c, is directly proportional to excess charge
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density through Eq. 4.18). One can use the properties of Z~' outlined in Eqgs.
4.9 and .11l to show that

c”=Nc, =R8N'c = (I — 22T> c. (4.47)

Notice that (I — iiT) is a linear operator that orthogonally projects any set of
concentrations to its nearest neutral set (an electroneutral set of concentrations
maps to itself). In other words, the (I — 22T> operator finds the ‘closest’ neutral

0

concentration set ¢ in the sense that the magnitude of ¢ — ¢° is minimized. The

updated total electroneutral concentration can be defined through
A =1"c (4.48)

This generally differs from cr; the two total concentrations match when p, # 0
only if 17z = 0.

The newly defined set of electroneutral concentrations can be used to define
corresponding electroneutral mole fractions y° following a process similar to that

discussed in Sectionm The nearest neutral mole fractions corresponding to c” are

Y0 = g = () (1= v (449

cr vy,
There are two important things to note here: (1) electroneutral mole fractions
still satisfy the mole fraction sum requirement (1Ty0 = 1) and (2) the matrix
inner product vy, , and therefore y’, may be a function of excess charge density
pe because of the mole-fraction-sum constraint. Expansion of Eq. [£.24] shows
their explicit relationship to be

T V. Pe
vy, =1—wy =[1- P ). 4.50
y y ( FHsz) (4.50)

As expected, the (I — iiT) operator appears in the right of Eq. [4.49. Define the

nearest set of electroneutral mole fractions y* as

yi=(1-2")y. (4.51)
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The column matrix y* is convenient because it is entirely independent of charge;
however, it violates the traditional requirement that mole fractions sum to one,
as the charged component is simply omitted.

We now define a unique set of charge-dependent mole fractions y? that is
directly proportional to excess charge density. This definition introduces an
electroneutral reference composition that isolates purely chemical variations from
charge-induced perturbations, enabling the portion of species flux attributable
to non-electroneutrality to be distinguished from other transport contributions.
Replacing y with y,, utilizing the relationships in Eqs. (.5 {23 and [4.49 ,

and rearranging leads to

v =y (2-vy°). (4.52)

Left multiplying by 17 verifies that the elements of y? sum to zero (since 1Ty" = 1
and 172 = v,). Finally, the definitions in Eqgs. and can be used to

decompose y as
y=y'+y° o y=y +y.z (4.53)

Each formulation has its advantages — the decomposition on the left ensures that
mole fractions of y° and y? always sum to one and zero, respectively, while the

equation on the right isolates charge-related effects, as y*

is independent of charge.
These systematic methods of decomposing y will prove useful when isolating and

understanding the independent effects of charge variance in electrolytes.

4.3.3 Thermodynamic factors

Thermodynamic factors are essential when implementing a simulation of any trans-
port system because they map composition gradients into electrochemical-potential
gradients in isothermal, isobaric situations. Monroe and Newman introduced
dimensionless Darken factors [125] which are the derivative of the (log) activity of

species 7 with respect to the mole fraction of species j < n, leaving temperature,
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pressure, and all mole fractions except those of species j and n constant. In terms

of species activities, the Darken factor @);; between species ¢ and j is defined as

0 In a; 0ln \;
Qij:yi< g ) :5ij+yi< g >, (4.54)
Yj T,p,Yk+j,n Yi

where d;; represents the Kronecker delta and \; is the activity coefficient of species

i such that a; = A\yy; [101]. Let Q represent the n X n matrix of dimensionless
Darken factors consisting of entries @);;.

Due to the constraint on species mole fractions expressed by Eq. [£.24] one cannot
alter the mole fraction of one species alone. By convention, Monroe and Newman’s
definition assumes that when y; is experimentally varied, v, is appropriately altered
to maintain the mole fraction sum. Because any direct variation in y, is infeasible,
resulting in @Q;, = 0 for all 7 (that is, the last column of Q is zero). Another
restriction that is placed on the Darken factors is through the Gibbs-Duhem
equation. The y; proportionality constant in the Darken factor’s definition ensures
that 17Q = o' (i.e., the terms in each column of Q sum to zero). These two
constraints on ();; make the last column and row redundant because only Q_,, _,
(the (n — 1) x (n — 1) submatrix of Q formed by deleting the nth row and nth
column) needs to be considered for a full thermodynamic characterization.

We now have the tools to parameterize isothermal, isobaric chemical potentials
generally, by starting with the formulation developed by Monroe and Newman
[125]. The set of all chemical potential gradients, as constrained by the Gibbs—

Duhem equation, takes the form

diag(y)Vp = RTQVy = RT [I_"l—%] Q. [ 0| Vy, (4.55)

where diag(v) represents the diagonal matrix whose ith diagonal entry is v;, the
ith row entry of v, and I,,_; is the (n — 1) x (n — 1) identity matrix. One key
advantage of working with Monroe and Newman’s Darken factors is that they
easily relate to the Hessian with respect to composition K of the molar Gibbs

energy (G, whose entries are

1 [ 902G )
Ko L (4.56)
RT <ayiayj T\p.Yk+i,jn
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within this space of independent variable composition descriptors. It has been
proven that K is symmetric and necessarily positive semidefinite [101], and the
thermodynamic derivatives in its definition require that K;, = K,; = 0 for all ¢

and j. The independent Darken factors Q_, _,, depend on K, -, through
Q. .=Y 'K, , (4.57)
where the definition

Y ! = diag(y_,) — y-n¥n (4.58)

adapts Monroe and Newman’s indicial definition into the matrix nomenclature.
Using Eq. we can decompose Y ! into the sum of its electroneutral and

charge variation component as

Y'l=Yy "4y t” (4.59)
where
Y0 = diag(y?,) - y2,y", (4.60)
and
_ . T T T
Y Lo = dlag<ygn) - ygnygn - ygnygn - ygny?n . (461>

The Hessian K helps to express the Darken factors more simply under non-ideal

situations since it conveniently separates into two parts,
K—\n,—'n =Y + AKﬂnr\na (462)

where AK is a n X n symmetric matrix which accounts for deviations from ideal
mixing free energy. The structure of K mandates that AK;, = AK,; = 0; thus
only the AK_,, -, submatrix is needed for a full thermodynamic characterization.
The (n — 1) x (n — 1) matrix Y expresses the derivatives of ideal mixing free

energy and is defined as

117

Y = diag(y_,) ' + (4.63)

n
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such that y, = izy (that is, y, is the last element of y). Again, using Eq. 4.53

we can decompose Y into

Y=Y"+Y" (4.64)
where
0 . 0 \o1, 117
and
%]
Y? = —diag(y2,)diag(y’,) 'diag(y_,) ! — 511" (4.66)
ynyn

such that 30 = i'y® and y? = i y?.

Van-Brunt’s formulation of AK inherits a symmetry property from K, making
it easier to track the constraints that Maxwell relations impose on experimentally
measured parameters. The definitions of standard thermodynamic states can
be used to verify that Q_,_, = I, for ideal gas mixtures or isobaric ideal
solutions, so AK = O (the zero matrix) in these cases. Combining Eqgs. 4.57]
4.62] and [4.64] results in a direct relationship between the Darken factors and

the excess non-ideal free energies:
Q=T+ (Y +Y?) AK ., . (4.67)

We start with the excess free energy, which can be decomposed as

AK = AK" + AK?, (4.68)
wherein
AK" = XNT (AK)RN" (4.69)
and
AK? = (AK)zz' +2zz" (AK) —zz' (AK)zz'. (4.70)

Plugging Eqgs. [4.68 and [4.64] into Eq. yields

K =K°+K? = (Y’ + AK") + (Y7 + AK?) (4.71)
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Generally, the charge-dependent excess free energy (AKQ ) cannot be determined
through macroscopic experiments. These contributions are typically minor and
may be safely neglected in most systems.

We can now use the decomposition from Egs. and to plug into the

matrix of Darken factors. Simplifying and rearranging terms results in

Qo =Ls+ (Y OAK?, )+ (YIAKS, L, + Y WPAKY, ), (472)

-n,mn -n, n

where the first term expresses the ideal mixing energies, the second term outlines

the electroneutral contribution, and the last term reveals the charge dependence.

4.3.4 Neutralizable composition

The complete parametrization of the Darken factors is impeded for electrolytes
because the (n — 1)th species concentration cannot generally be varied without
changing the system’s electrical state. Goyal and Monroe addressed this issue
with their ‘core potential’ approach, in which y,_; is replaced by a normalized
charge density such that charge is only associated with a single independent variable
[126]. Unlike the salt—charge basis, however, the core potentials do not preserve
the structures of the free energy and dissipation functions, and also lack the clear
connection to reaction equilibria that underpins component chemical potentials. The
following uses Goyal’s core potential approach to extend Van-Brunt’s salt—charge
basis outside the conditions of local electroneutrality.

In the salt—charge basis, the nth entry of y, expresses the independent effects of
excess-charge variation. As a result, one cannot directly apply the Monroe-Newman
expansion of diffusion driving forces from Eq. with Van-Brunt’s parametrization
from Eq. [4.67 Instead of discarding the nth entry, we discard the first entry of
Yy, to create a sub-column of independent component composition variables. The

resulting (n — 1)-entry column matrix x, defined as

X = (yz)-1=l10yz (4.73)

contains the mole fractions of independent neutral components two through n — 1

and molar excess charge, such that the mole fraction of component one is then
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determined by Eq. [4.24] Note that this basis is analogous to Goyal’s neutralizable
composition, where the first n — 2 entries are the component composition variables
and the (n — 1)-th entry is the electrical state variable.

The composition bases of x and y_,, connect through the affine transformation

1
x=T4% y  +(2Z "i,)q o y,=TKZ%Zx+ T (Z"1))-n (4.74)
zl

—7Z

in which the transformation matrices T% % and T %, are defined as

-1, n -

T4, = (2 )t — (27 i) a1, (4.75)
and
1
TIﬁ:El = (ZT>ﬂn,ﬁ1 - l/Ti (ZTil)ﬁn(VZ>Il (476>
z11

Both transformation matrices are nonsingular and inverses of each other such

that TZ7%, = (TLZ)"
This affine and invertible transformation affords a straightforward method of
parameterizing the thermodynamic driving forces for diffusion. Similar to K,

the Hessian of molar Gibbs energy with respect to the salt—charge composition,

H, has entries

Hij —

! ( G (4.77)

RT a(Yz)ia(YZ>j)T,p,(yz)k#,j,l
where the first component (compared to the n-th component in K) is varied to
preserve mole-fraction sums. This definition mandates that H;; = H;; = 0 for
all ¢ and j, meaning that only the H_; _; submatrix needs to be considered for
a full thermodynamic characterization.

The composition and salt-charge Hessian matrices, K-, -, and H-; -, re-
spectively, have similar properties. Differentiation of Eq. [.74] shows that the

composition gradients connect through a bijective linear map,

Vx=T%!vVy_  —and Vy_, =T¥% Vx (4.78)

-1, n —-n,—1

By applying the chain rule, one therefore gets

Koo = (T%7,) Hoy o T% (4.79)

-1, n -1, n>
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showing that a congruence transformation connects the two Hessian matrices.
Because K-, ,, and H_; -, are congruent, they have equal signatures: both are
positive semidefinite, with equal numbers of positive eigenvalues. We can use this

transformation to eliminate K-, -, from Eq. to yield

Q=Y (T%7) Ho T (4.80)

-1, n -1, n-*

Here we have a direct relation between the independent Darken factors and the
independent entries of the molar Gibbs energy Hessian. All the terms that express
how species activities and electric potential vary with excess charge reside in the nth
row of H_; 1, and the electric potential’s composition dependence resides in the nth
column, thereby distinguishing electrical effects. The symmetry of H-; -, implies
that it can be parameterized in terms of its $n(n — 1) independent lower-triangular
material properties alone. The bottom right entry of H.; ; provides an equation

of state for charge, as we will explore in future sections.

4.4 Common assumptions in transport modeling

Eqgs. and present a comprehensive framework for modeling isobaric and
isothermal electrolytic systems. However, the generalized form of this law depends

2

on n° composition-dependent parameters. These include:

o n partial molar volumes, which form the vector v and define how total molarity

changes with composition;

. %n(n — 1) thermodynamic derivatives, which contribute to the symmetric

excess Hessian AK_,, —,,, used to compute the Darken-factor matrix Q-,, —n;

. %n(n — 1) Onsager diffusivities, defining the symmetric, transport matrix L, or
the same number of Stefan—Maxwell diffusivities, which relate to the Onsager

drag matrix M.

This section examines several simplifications that are often used to reduce the
burden of specifying all these transport parameters. A summary of each assumption

and their structural effect on the OSM framework is outlined in Table .11
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Assumption Mathematical Implication Comments

Constant total v, =V,1., Each species in the mix-

concentration ture has equal molar
volumes V/;.

Negligible mix- AK_, -, [diag(ygn)_1 + %} The set of independent
ing energies Darken factors Q_, _,

must be diagonal.

Negligible ion- L™l — 7re—diag(2)diag(c) The activity drag coeffi-
ion drag cients not including the
solvent or excess species

m are set to zero.

Nernst-Planck The Poisson overpoten-
« All of the above tial is set equal to the

charge contribution of the
chemical potentials. Ad-
. Flzlg. — s sy (1 n ym) ditionally, charge is pro-
R PP = 2im 2 vi hibited from accumulat-

° CT:Cm

.pe:O lng
e Vp.=0
e Ak=0

Table 4.1: Mathematical consequences of common modeling assumptions on the OSM
framework

4.4.1 Excluded volume effects

In many analyses of mass transport in condensed systems, solute-volume effects
are often disregarded by assuming that the total molar concentration ¢t remains
nearly constant with changing composition. In order for this assumption to hold,
the off-diagonal terms of the bracketed term of Egs. and must be zero
when mapping between Ve, and ﬁyﬁn. This assumption only holds if

Von = Vol (4.81)

In other words, each species in the mixture must have equal molar volumes. While

this assumption can be made safely for ideal gasses, they are almost never valid
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for solids or liquids. For example, Zhao et al. measured apparent molar volumes
of lithium salts in ethylene carbonate-based solvent mixtures and showed that
extrapolation to infinite dilution yields standard partial molar volumes that vary
systematically with solvent composition. Reported partial molar volumes for
LiClO, and LiBr differ by 20-40% across common carbonate mixtures [127]. These
observations confirm that assuming constant partial molar volumes can introduce
non-negligible errors in liquid transport models. Note that the assumption of a

constant ¢t cannot be justified through this dilute solution approximation.

4.4.2 Negligible mixing energies

Similar to the assumption of negligible volume effects, cross-diffusion induced

mixing is zero if and only if Q_, _, is diagonal. Combined Eqs. 4.57 and [4.62|

reveal that this criteria is met when
Qun=L,n+Y'AK , ,~(1+AKIL, ., (4.82)

where Ak is a function of y_,,. The structure of suggests that AKflﬁain must
be proportional to Y such that

NPT b
AK-,, - o |diag(y2,)” +—5| - (4.83)

Additionally, thermodynamic stability demands that that the parameter Ak > —1
because the free-energy Hessians must be positive definite.

Studies that simplify transport models by invoking ‘ideal behavior’ typically
assume thermodynamically ideal mixing, meaning that the entropy of mixing for
each component is equivalent to that in an ideal gas mixture [128]|. This assumption
is expressed mathematically by setting Q_, _,, = L.,-n [129]. In the case of
volatile species, ideal behavior also implies that each component follows Raoult’s
law — this is referred to as the ‘ideal solution” approximation. Alternatively, one
may assume all solutes follow Henry’s law with constant solubility |[130]. Both
of these thermodynamic idealizations ultimately require Ak = 0 in Eq.

for the Darken factors.
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4.4.3 Negligible ion-ion drag

In the force-explicit form of the Onsager-Stefan-Maxwell transport laws, the
thermodynamic forces are balanced by the frictional forces between different species
in the solution. For some electrolytic solutions certain species’ drag coefficients are
negligible in relation to others within the system, allowing one to set the frictional
interaction parameter J%;; between two minimally interacting species 7 and j to zero.
This simplifying assumption has the potential to significantly reduce the complexity
of the Onsager transport coefficients contained in L and thus the computational
effort required in practical implementations of this framework. Newman [58] and
others often work with diffusion coefficients Z;; which are inversely proportional
to the drag coefficients through

. RTCZ'CJ'

%j CT@i -

(4.84)

When considering the neglect of certain species—species interactions, however, it
is often convenient to work with .J%;; because the diffusion coefficients become
infinitely large under the no-drag assumption. After setting J7;; to zero when
pairwise interactions between ¢ and j are to be neglected, the remaining drag
coefficients can be converted back into diffusion coefficients for further simulations.

In the case of a singular excess species m dominating all species—species
interactions within an electrolyte, the transport coefficients L simplify considerably.
In this scenario, it is convenient to work with velocities referenced to species m
as outlined in Eq. Assuming #,, ; = 0 for all species j except for m, the

species-referenced transport coefficients reduce to
L™l — diag(c_,, )diag(J¢ -, ) diag(c_m), (4.85)

where J is a n-entry column matrix whose ith element is the drag coefficient
Him. Alternatively, one can transform this back to the commonly used diffusion

coefficients yielding

Lmidesl R;Tc diag(D -, )diag(c ), (4.86)

92



4. Deconstructing the Onsager-Stefan-Mazwell Framework

where 2 is a n-dimensional column matrix whose the ith element is 9;,,. One

could also apply Eq. to compute the mass-average velocity referenced transport

matrix L9 Note that the diagonal structure of L™ in Eqs. 4.85| and [4.86]

confirms the absence of cross-diffusional drag.

Defining what constitutes a ‘moderately dilute’ electrolyte remains ambiguous.
Even at low salt concentrations, interactions between solutes—particularly ions—can
produce noticeable drag effects in electrolyte solutions. This drag stems primarily
from electrostatic interactions, which are much stronger than typical molecular forces
and thus have a greater impact on diffusion. When ions move in a correlated way,
the resulting drag increases significantly, as demonstrated by molecular dynamics
studies from Wheeler and Newman [131} [132] and Persson and colleagues [133, [L34].
Drawing on data compiled by Chapman and Newman [135], Bizeray et al. showed
that in aqueous systems, ion-ion drag becomes non-negligible above 0.05 M salt
concentration [59]. Furthermore, nonaqueous solvents may exhibit these effects at

even lower concentrations due to their lower salt solubility.

4.5 Case study: simplification of OSM to Nernst—
Planck

The Nernst Planck equation is perhaps the most ubiquitous transport model used
throughout electrochemistry. Here we show that applying all the simplifying
assumptions outlined in section [4.4] distills the OSM framework down to the form
of the Nernst-Planck equation.

Although binary electrolytes are often treated using simplified transport models,
such formulations are commonly introduced only for single-salt systems and rely
on assumptions that are not always made explicit. The value of the present
approach is that Nernst—Planck—type transport equations emerge here as controlled
reductions of the full OSM framework, and can be obtained for more general
concentrated electrolytes rather than being restricted to the binary limit. This

provides a transparent connection between commonly used transport models and
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the underlying multicomponent description, while clarifying the assumptions under
which such simplifications are valid.

First, start with the species-referenced flux equation. Combining Eqs. [4.7], [4.9]
and [£.45] we can expand the flux OSM equation as

j" = —LMRVp, + FzV &,] (4.87)
where
Vi, = RTNT (diag(y) ™" + (I, — 1y )AK -, ) Vy. (4.88)

The combination of Egs. and fully describes transport in any isothermal
and isobaric electrolyte.
Applying the assumtion of thermodynamic ideality simplifies the matrix of

Darken factors in Eq. to

deal © T, ;. (4.89)

-n, n

Plugging Qfﬁaln into Eq. |4.55 and using the fact that > y; = 1 results in the

reduction of Eq. to
Vpideal — RTNTVin(y). (4.90)

Additionally, from Eq. we know @, = & for ideal solutions (a; = 1 for all 4

species), simplifying the total flux equation to

»m,ideal

j = —L™[RTRN'VIn(y) + FzV &]. (4.91)

Following a similar to the approach by Goyal and Monroe |126], we partition

the naive potential @ as
D(x) = Pp(x-y) — Pp(x) (4.92)

such that it is referenced to the electroneutral potential @, corresponding to the
electroneutral reference compositions y°. The Poisson overpotential @p is the
portion of the naive potential that contributes to electrical non-neutrality. This

is negative because non-neutrality is typically thought of as being imposed by an
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externally applied voltage, whereas the naive potential and electroneutral potential
measures internal electrical energy.
In order to arrive at a form similar to the Nernst—Planck equation, define the

Nernst—Planck overpotential @yp as the charge contribution of the ideal chemical

potentials in Eq. such that

RT .+

dnp = — | . 4.
V &np FHZHZ Vin(y) (4.93)

Recall that the RN operator sends a set of mole fractions to its nearest neutral
set. Eq. is effectively incorporating the excluded charge contribution from the
first term of into its second term involving the solution potential. Integrating
this equation with the boundary equation of ®xp|,.—o = 0 yields the charge EOS
for the Nernst-Planck overpotential:

F|z LR -+ . 7

=1 g i=1

where Eq. is used to separate the charge contribution to each mole fraction.
Intuitively, the Nernst—Planck potential is dependent on all independent (n — 1)
mole fractions. Unfortunately, an explicit function of charge density (z,) is not
able to be written in a closed form algebraic expression. Alternatively, one could
assume changes in @yp are small such that it is approximated by the linearized

form of Eq. [£.94}—a valid assumption for most electrolytic solutions. Linearizing
Eq. and rearranging for y, yields

F oxp

o (Z &1 >_1, (4.95)

oL
i1 Yi

Y. =

where the case y;- = 0 is non-physical. The structure of equation is somewhat
jarring because it consists of a weighted harmonic mean of y;-, where the weights
are 22 (i.e. yi- values with a larger 22 contribute more significantly to y.). This
is in stark contrast with the linearized Poisson-Boltzmann theory where charge
density is proportional to a charge-weighted arithmetic mean [136]. Nonetheless,
simplification of the general OSM flux equation of to Nernst—Planck form
mandates the charge EOS to follow [4.94]
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We now assume that a reference species m dominates the ion-ion interactions

by applying L™ from Eq. to simplify the flux expression to

. 2
—-m,ideal . . . _ . .
i —C—leag(@)dlag(y)NNleag(y) 1Vy—C—Tllfﬂdlaug(u)dlag(c)zV§Z> (4.96)
Cm, Cm
where u is a column matrix containing each of the the species mobilities u; defined
through the Nernst—Einstein relation uv; = %;,,/RT.
Incorporating the Nernst—Planck overpotential into Eq. conveniently splits

the flux equation into two portions as

»m,ideal CQT N FCQT N
j =jnp — c—diag(@)szz — yzc—diag(u)diag(z)zv Py (4.97)

m m

where jyp represents the Nernst—Planck contribution towards the general flux,
defined as
2

F 2
inp = —S—Tdiag(Q)VyL — %diag(u)diag(z)yLV Dy. (4.98)

m m
Under the condition of electroneutrality (y, = 0 uniformly), the last two terms

in Eq. [4.97] vanish. The remaining flux equation is

—m,ideal, 2 F 7
7 T Giag(2)Vyt — — X diag(u)diag(z)y -V & (4.99)

Cm Cm

Finally, upon exclusion of volume effects (v_,, = V,1_,, from section 4.4.1)) and
assumption of dilute solution (¢t ~ ¢,,), we are left with the familiar Nernst—
Planck expression of

jm’ideal’o = —diag(2)Vc® — Fdiag(u)diag(z)c"V &,. (4.100)

This is identical to the commonly used indicial form of the Nernst—Planck equation,

Ji = =DiVe; — Fzuie,V @ (4.101)
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4.6 Conclusions

This chapter has presented a rigorous examination of the Onsager—Stefan-Maxwell
(OSM) framework, an essential approach for modeling ionic transport phenomena
in concentrated electrolyte solutions. Through detailed derivations and structured
analysis, it demonstrates that the OSM equations offer significant advantages
over classical dilute-solution models like the Nernst—Planck equations, particularly
in systems where ion—ion and ion-solvent interactions are pronounced, where
thermodynamic nonideality is significant, and where excluded-volume effects can-
not be neglected.

In systematically exploring the theoretical foundations, the salt—charge basis
emerged as a particularly effective representation for analyzing complex multicom-
ponent electrolytes. This framework clearly delineates charge and concentration
related effects, facilitating deeper insight into the subtle interplay of thermodynamics
and transport processes. The chapter’s exploration into electroneutral compositions
and thermodynamic factors underscored the intricate relationship between these
aspects, reinforcing the critical role played by charge neutrality and mixing effects
in dictating electrolyte behavior.

The evaluation of common simplifying assumptions — such as excluded volume
effects, negligible mixing energies, and ion—ion drag — reveals the practical limitations
inherent in simplified models. While these approximations can significantly ease
computational and experimental demands, the analysis indicates caution is required
in their application. FEspecially under high-concentration conditions common
to redox flow batteries, overlooking these interactions can introduce significant
inaccuracies in modeling electrolyte behavior and thus battery performance.

The case study provided in this chapter, which simplified the full OSM equations
into the electroneutral Nernst—Planck laws, illustrated the limitations of employing
simpler theoretical constructs. Although the Nernst—Planck model remains broadly
useful for ideal and infinitely dilute solutions, the nuanced behavior captured by the
comprehensive OSM framework is critical for the accurate prediction of transport

phenomena in most practical electrolytes.
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From a broader perspective, the significance of the Onsager—Stefan-Maxwell
(OSM) framework in electrochemistry arises from its ability to describe ionic
transport under the coupled, non-ideal, and high-concentration conditions that are
intrinsic to redox flow battery operation. In RFBs, electrolytes are continuously
circulated through porous electrodes and separators, giving rise to sustained spatial
gradients in concentration, electrostatic potential, and pressure that cannot be
reliably captured using dilute-solution models. The OSM framework therefore
provides the theoretical basis required to interpret transport-driven phenomena
central to RFB performance, including active-species crossover, membrane fouling,
and capacity fade observed in earlier chapters.

Although the OSM framework remains computationally and experimentally
demanding, the transport insights it enables are uniquely valuable. Future re-
search should aim to systematically quantify the influence of each simplifying
assumption explored in this chapter. By doing so, it will become possible to
identify which assumptions are benign across different regimes and which introduce
significant inaccuracies. Such efforts will refine the criteria for applying reduced-
order models and enhance the practical utility of the OSM framework in real-world

electrochemical applications.
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4.A Appendices
4.A.1 Worked example of a salt—charge basis

Consider a solution of water (HyO) and acetonitrile (CH3CN) containing the
dissolved salts of potassium chloride (KCl) and calcium phosphate ((Ca)s3(POy)s).
In this electrolytic solution, a total of n = 6 species are present [HoO, CH3CN, K™,
Cl-, Ca*? and PO, ] which results in n — 1 = 5 independent simple association

equilibrium reactions. One possible combination is

H,O = H,0
CH3CN == CH3CN
KT 4+ ClI~ == KCl
3Cat + 2P0, == Caz(POy),

Cat? +2C1 = CaCl,

where the first two reactions are the trivial equilibrium between the neutral
species and themselves. Salts such as K3PO, were omitted here for simplicity,
as their inclusion would not alter the transport formulation; equivalent electrolyte
representations differ only by choice of basis and lead to the same governing equations.
Additionally, recall that products of the equilibrium reactions are referred to as
components and the reactants as species.

With the electrolyte fully defined, let z be a n-dimensional column matrix
consisting of the species equivalent charges. For the outlined example, z =
[0,0,+1,—1,+2,—3]". Additionally, let v; be defined as a n-dimensional column
matrix containing the stoichiometric coefficients v;; of reactant species j in the
ith equilibrium equation. As a result of Guggenheim’s relation, each column

of v; must be orthogonal to z such that vz = 0 [137]. For example, in the
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fifth equilibrium reaction above:

viz=10 0 0 2 1 0|7 =0

| —3]
By construction, the combined column matrices of v; and z are linearly independent;
thus, the n-tuple {vy,...,v, 1,2z} form a basis for the entire composition space.

The mapping of the electrochemical potentials of any n species to n — 1
components and its charge density through the salt—charge basis is captured by the

n x n transformation matrix Z. For the electrolyte outlined above,

_ T - -

OO = OO
N O = OO
= w O O O
SO NN O OO

0
1
0
0
0
0

S
W~
O OO oo

1/V15 —1/V15 2/v15 —3/V15]

where ||z|| = Vz"z. By construction, Z is an invertible matrix where each of the
first n — 1 rows is orthogonal to the last row.

Let p be a n-dimensional column matrix containing the species electrochemical
potentials. Multiplication of pu by the transformation matrix Z converts the
electrochemical potential of each species to their respective components. Following

the example through,

[HO | [ HH,0 |
HCH3CN HCH3CN
n, HKCl i+ + Har-
= = = Z =
Bz lﬂz] HCaz(POy4)2 H 3:“(33,4r2 + 2:uPO473
HCaCly Hoa+2 + 2Hicr-
L Mz _ _(NK+ — fe- + 200t — 3NP04—3>/||ZH_

where the first n — 1 rows are the component electrochemical potentials, u,,. The

last element, pu, is related to the salt—charge potential, @,, such that

u. = Fllz| .
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The construction of p, above highlights the generalization of Guggenheim’s process
of grouping species electrochemical potentials into new quantities that represent

electrically neutral combinations of species [104].

4.A.2 Decomposing the inverse transformation matrix

The proof begins by showing that N"IN is always invertible.

Assertion: For every real m x n matrix C with rank m and n > m, the
matrix product C' C is invertible.

Proof: Let C"'a = 0 for an m-element vector a. Thus,
T
C'la=CC'a=a'CC’a=(C'a) C'a=0
It is known that b'b = 0 if and only if b = 0. Let b = C'a to reveal
that CC"a = 0 implies C'a = 0.

The rank of C" is m so C'a = 0 if and only if a = 0. From the proof
above, it is known that CC'a = 0 if and only if a = 0. Thus, CC" is
invertible.

Let C =N to see that CCT = N'N. Thus, N'N is invertible.

Given the (n — 1) x n matrix N with rank (n — 1), aim to construct a unique
n x (n—1) right inverse matrix N such that N'® = I. Using results from

the proof above,

I-N'®= (N'N) (NTN)_l ~NT

N (NTN>_1} ,
thus proving
R=N(N'N) .
4.A.3 Deriving the electroneutral projection operator
Algebraic manipulation of R shows that NX' = RN':
NRT =N [N (NTN)_l}T ~N(N'N)" N =N(N'N) N =&N".
Now, use the fact that Z is invertible to show RNT =T — 22 :

1=7Z'Z= [N z] Bﬂ = RN +22".
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5.1 Introduction

Critical to the long-term viability of flow batteries systems is the understanding
of electrolyte mechanical properties, which can substantially impact electrolyte
management, system efficiency, and component durability [37]. Although prior
chapters of this work have extensively explored electrolyte behavior specific to RFB
systems, directly characterizing the mechanical properties of RFB chemistries is of
limited long-term value due to the rapid evolution of electrolyte formulations [138|
139]. Instead, this chapter focuses on techniques to measure mechanical properties
of a well-established and prevalent lithium-ion electrolyte system—namely, LiPFg
in a mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC)—
which serves as an effective proxy due to its widespread industrial application,
well-characterized thermodynamic and transport properties, and relevance to
contemporary battery technologies [112, [140-{142].

Specifically, this chapter reports measurements of the dynamic viscosity, density,
and speed of sound of electrolytic solutions. These measurements are used to
determine four key mechanical parameters: the isentropic bulk modulus (Kj),
the thermal expansion modulus (Kj), the isothermal bulk modulus (K7r), and
the coefficient of thermal expansion (ay ). These parameters are fundamental
to understanding the mechanical response and thermomechanical behavior of
concentrated electrolytes, directly influencing electrolyte design, fluid handling,
and safety considerations [143, 144]. Insights derived from the Li-ion electrolyte
system characterization presented here are leveraged to draw broader conclusions
applicable to RFB electrolytes. By elucidating these general mechanical behaviors,
this analysis aims to inform the design, operation, and optimization of future
RFB systems, facilitating advancements in electrolyte design and enhancing overall

system reliability and efficiency.
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5.2 Background

Electrolytes, which mediate ion transport in lithium-ion batteries, are crucial
to device performance [141]. Almost all electrolytes in commercial lithium-ion
batteries are liquids containing ethylene carbonate (EC), a cyclic compound whose
high dielectric constant raises ionic conductivity by facilitating dissociation of
lithium salts [145H150]. Because it also reacts to form a stable, ionically conductive
and electronically insulating solid—electrolyte interphase (SEI) on graphite, EC is
touted as an essential constituent of state-of-the-art lithium-ion electrolytes [151,
152]. Pure EC is solid at room temperature, however, so lithium-ion electrolytes
also typically contain at least one linear-carbonate cosolvent—e.g., ethyl methyl
carbonate (EMC) or dimethyl carbonate (DMC)—to enable mixing and ultimately
lower the solution’s viscosity [153, [154]. Importantly, the molarities of linear and
cyclic carbonates are comparable within the cosolvent blends typically used for
commercial lithium-ion batteries [155-158].

Despite linear and cyclic carbonates being present in similar proportions, most
battery models treat liquid-electrolyte cosolvents as a single entity, neglecting
specific solvent—solvent interactions. Recent studies have probed this ‘single-solvent
approximation’ by studying the distinct behaviours of EC and EMC in dual-solvent
blends. In a previous study by Wang et al., ternary EMC:EC:LiPFg blends were
subjected to constant-current polarization in Hittorf experiments |[159]. The EMC
and EC components were found to move at substantially different rates relative to
the dissolved salt, resulting in extreme solvent segregation near the electrode/liquid
interfaces that could be parametrized quantitatively in the form of an electro-
osmotic drag coefficient for EC. Meanwhile, Jung et al. set out to challenge the
electrical aspect of the single-solvent approximation, showing with concentration-
cell measurements that steady liquid-junction potentials of the order of tens to
hundreds of millivolts arise between solutions with different cosolvent fractions but
identical salt contents [99]. Because battery operation drives solvent segregation, it
is imperative to understand how local variations in cosolvent composition within

porous electrodes impact liquid-phase transport properties.
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The effects of local pressure and temperature variations on electrolyte perform-
ance have been fairly well established, but the impact of cosolvent segregation on
bulk thermal and mechanical properties remains largely unexplored. Heenan et
al. tracked internal mechanical strain and temperature within commercial 18650
lithium-ion cells using advanced in-situ synchrotron X-ray diffraction methods [160].
They found that internal temperatures reach 70°C during a discharge rate of 2.9C
for NMCS811 versus Gr-SiOx cells with ambient temperatures at 20°C. Azimuthal
tensile stress in the Cu current collector was reported to reach approximately 250
MPa. While this stress does not directly correspond to a liquid-phase pressure and
would not translate quantitatively to electrolyte pressure, it indicates substantial
internal mechanical loading, suggesting that assuming constant electrolyte pressure
may not always be appropriate. The effect of temperature on electrolyte flow is
mediated by the liquid’s thermal expansion coefficient, and that of stress is mediated
by viscosity. This study explores how the local composition variation accompanying
solvent segregation impacts these mechanical properties.

Recent literature provides evidence of current-driven electrolyte flow on both
macroscopic and microscopic scales, further compounding the need to understand
electrolyte properties. Aiken et al. found evidence of systematic electrolyte movement
within cylindrical Li-ion cells as they charge and discharge [161]. In the fully
discharged state, electrolyte is absorbed into the electrode winding and evenly
distributed. During charging, however, lithium intercalation into anodes can drive
substantial volume expansion that forces pores to close and drives liquid out of the
winding. On a microscopic scale, other groups have shown that solvent molecules
within cation solvation shells experience drag associated with electric fields, leading
to bulk electrolyte motion [162-166]. This evidence of electrolyte flow during battery
operation forces us to consider a volume balance for nonisothermal, nonisobaric
systems where electrolyte density varies with its species’ molar concentrations.

The Newtonian viscosity 1 of an electrolytic solution depends on temperature,
pressure, and composition, and appears in equations that model momentum

transport. Mechanical and thermomechanical properties can also contribute to
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mass transport, and mesh into the governing equations from concentrated-solution
theory. The continuity of species ¢ within an electrolytic solution in the absence

of homogeneous reactions is governed by

aCTyi - =
—_V. N 1
9t 79 (5 )

where the total molar concentration ¢t is defined as the inverse of the molar
volume V <CT =1 /V), y; is the particle fraction of species 7, and ]\7@ is a vector
representing the total molar flux of species i. Newman and Chapman’s analysis of
restricted diffusion in binary solutions showed how the species material balances
can be combined with thermodynamic constitutive laws to obtain an equation
that expresses solution-volume continuity [110]. Goyal and Monroe employed a
similar strategy [107], extending the volume balance to account for variations in
local pressure p and absolute temperature 7', showing that the local volume balance

in a diffusion system comprising n species is

1 op or = g Lo
KiTa—O{VE— V-v +;Nl VVZ, (52)

in which the isothermal bulk modulus K7 and volumetric coefficient of thermal

expansion «y are intensive material properties, defined as

1 1 [0V 1 [0V
KT——v(ap>T and “V‘v(w); )

respectively, and " is the material’s volume average velocity, defined as
=Y V,N, (5.4)

Generally, ay, Kr, and V; are functions of an electrolyte’s temperature, pres-
sure, and composition, and are needed to simulate how stress, temperature, and
composition changes within electrolytes can drive their flow.

This chapter first quantifies how mass density p varies as a function of temper-
ature and composition across the EMC:EC:LiPFg composition space, data which
largely establish the composition and temperature dependences of the component

partial molar volumes V; [58]. Correlations describing density are developed and
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used to determine the coefficient of thermal expansion oy across the EMC:EC:LiPFg
composition space, providing deeper insights into how local temperature variation
might drive the flow of a battery electrolyte. Next, acoustic time-of-flight measure-
ments are reported; combined with densitometry, these determine the composition
and temperature dependence of the isentropic bulk modulus K for EMC:EC:LiPFg
solutions. I discuss the importance of this compressibility parameter and develop
thermodynamic relationships that connect K to the solution’s isothermal bulk
modulus Kr, which appears in volume continuity equation Finally, T discuss

the relative importances of ay and Kp for the accurate modeling of electrolyte flow.

5.3 Experimental
5.3.1 Electrolyte preparation

Due to the strong reactivity of lithium with oxygen and moisture in the air, all
electrolyte samples were combined from their precursors within an argon-filled
glovebox (4GB, Inert Technologies) with trace amounts of Os and HyO (<1 ppm).
The samples were prepared using an analytical balance (EX124, OHAUS Explorer)
with a readability of 0.1 mg and uncertainty of 0.2 mg. All precursor chemicals were
battery-grade and were sourced from Sigma-Aldrich with purities of 99.9% or higher.

Each sample is defined by its LiPFg salt molality m and fraction of EMC
cosolvent f. Given the mass fractions of EC wgc, EMC wgye, and LiPFg wripr,,

the salt molalities and cosolvent fractions are defined as

and f= _vEC (5.5)

m — WLiPFg / MLiPFG _

WEC + WEMC WEC + WEMC
where Mppp, = 151.905 gmol ! is the molar mass of LiPFs. Mass fractions are
positive, and by definition are constrained such that wgc + wenme + wriprs = 1. In

the current experimental programme, a total of 23 electrolytes were characterized

mechanically; their compositions are shown on the ternary diagram in Fig.
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Figure 5.1: Ternary diagram of the mass fractions of LiPFg in EC/EMC cosolvent.
Each of the 23 tested solutions were gravimetrically mixed in an argon-filled glovebox.

5.3.2 Densitometry

Densities p for each solution were measured using a high-precision oscillating U-tube

3 and

density meter (DMA4100, Anton Paar), with an accuracy of 0.1 mg cm™
an uncertainty of 0.2 mg cm~3 during standard calibration with ultrapure water
(<0.05 uScem™!, Avidity Science) and ethanol (>99.5%, Sigma-Aldrich). The inbuilt
Peltier thermostat maintains temperature with a precision of 5 mK. Measurements

were taken at ambient pressure with temperatures ranging from 281.15 K to 318.15

K in 1 K increments. A few samples were tested to a lower temperature of 278.15 K.

5.3.3 Acoustic measurements

The experimental setup for the speed of sound measurements was reported earlier
by Wang et al. [113]. Experimental studies of LiPFy in carbonate-based non-
aqueous electrolytes indicate that hydrolysis and decomposition reactions at room
temperature proceed slowly in the absence of significant moisture, such that short-
term exposure to ambient conditions does not lead to rapid degradation [167].
On this basis, speed-of-sound measurements were conducted outside the glovebox

within one day of electrolyte preparation.
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Experiments measured acoustic time-of-flight through a quartz cuvette filled with
electrolyte and immersed in an isothermal bath. A 5-MHz contact transducer (V109,
Olympus NDT') was connected to a pulser/receiver (DPR300, JST Ultrasonics),
which outputs to an oscilloscope (HS5, TiePie) to digitize the reflected waveform
received by the computer. The echo signal was amplified and digitized at a rate
of 100 MHz. The transducer was coupled to the quartz cuvette (100-QS, Hellma
Macrocell) with ultrasound gel (Aquasonic 100, Parker Labs) to match their acoustic
impedances. Approximately 8 mL of sample was pipetted into the cuvette and
covered with parafilm before submerging both the transducer and cuevette into a
water bath (Haake A10, Thermo Scientific). Extreme care was taken to ensure that
no part of the parafilm was in contact with the water bath and the liquid level of
the sample was below that of the water bath. A K-type stainless steel thermocouple
(397-1236, RS Pro) was placed inside the cuvette and in the adjacent water bath;
temperatures were recorded every 90 seconds to ensure that temperature was
equilibrated between the sample and the bath.

The speed of sound measurements range from temperatures of 278.15 K to
318.15 K in 1 K increments. Two measurements were obtained per temperature
per sample. The temperature ramp rate of the water bath was 20 Khr™'. To
minimize dissolution of the ultrasound gel during an experiment, each sample was
split into two runs with temperatures ramped slowly from 298.15 K to 318.15 K
back to 298.15 K, and 298.15 K to 278.15 K back to 298.15 K. Fresh ultrasound
gel was reapplied between each run.

The acoustic transit time was calculated through a cross-correlation of the echo
signal to find the location in time of the reflected peaks. The total distance traveled
by the pulse 2L, where L is the internal distance between faces of the cuvette,
was then divided by the transit time to obtain the sound speed for each liquid
sample. Note that the internal length of the cuvette was calibrated by a separate
experiment in which the measured times of flight for ultrapure water were matched

to previously reported data sets [168| [169], as shown in Appendix m
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Figure 5.2: Viscosity measurements for LiPFg in EC/EMC. For conciseness, only
solutions with salt molalities m = 0,0.5,1,2 and fraction EC f = 0,0.25,0.5,0.75 are
plotted. Tabular data for each of the tested electrolyte compositions are included in

Appendix@
5.4 Results and discussion

5.4.1 Dynamic viscosity

Fig. depicts the dynamic viscosities for select compositions. Appendix
contains data for each of the tested electrolyte compositions. As expected, the vis-
cosity for all samples decreased with increasing temperature. At lower temperatures
(below 300 K), increasing EC weight fraction dramatically increases its viscosity.
This usually leads to a severe drop in conductivity which, in turn, will limit cell
performance. While this trend is true for all LiPFgz molalities, it is especially
pronounced at higher concentrations—a feature attributed to the high melting point
of EC. As a result, higher EC content contributes to a larger increase in viscosity
compared to LiPFg molarity at temperatures below 300 K. At higher temperatures,
both EC and LiPFg increase the bulk electrolyte’s viscosity to a similar extent.

Similar trends have been observed with other electrolyte formulations [153, 170-173].
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Figure 5.3: Density measurements for LiPFg in EC/EMC. For conciseness, only solutions
with salt molalities m = 0,0.5,1,2 and fraction EC f = 0,0.25,0.5,0.75 are plotted.
Tabular data for each of the tested electrolyte compositions are included in Appendix

f-A3

5.4.2 Density and sound speed

Densitometry data for select samples are shown in Fig. [5.3} Appendix contains
the data for all tested solutions in tabular form. The densities for the binary LiPFg in
pure EMC solutions are consistent with previous studies (see Appendix [5.A.4)).
Density appears to have a strong linear dependence on temperature for all the
tested solutions, which is commensurate with previous studies of LiPFg in PC.[120]
Furthermore, both higher salt molalities m and EC cosolvent-weight-fraction f result
in larger densities. Note that the data in Appendix [5.A.3] can be used to compute
partial molar volumes but are not reported here since partial molar volumes for the
same ternary electrolyte have already been published in a previous study .
Fig. .4 presents the speed of sound in various electrolyte compositions; Appendix
displays data for all electrolyte compositions. The speed of sound of pure
EMC was within 1% of the value measured previously by Wang et al. [113]. Similar
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Figure 5.4: Speed of sound measurements for LiPFg in EC/EMC. For conciseness, only
solutions with salt molalities m = 0,0.5,1,2 and fraction EC f = 0,0.25,0.5,0.75 are
plotted. Tabular data for each of the tested electrolyte compositions are included in

Appendix @

to densities, sound velocities exhibit a strong linear relationship on temperature.
Over the range of explored compositions, variations in ethylene carbonate content
were observed to produce larger changes in sound velocity than variations in
LiPFg¢ concentration.

To simplify model implementation, a correlation was created relating m, f,
and T to density and speed of sound. The Python PySRRegressor package [175]
(a machine learning-based open-source tool for symbolic regression) was used to
determine expressions for densities and speed of sound. The selected expression
had the highest score among expressions with a least squares loss better than at
least 1.5 times the most accurate model. The score was defined as the negative
derivative of the log-loss with respect to complexity. The full list of optimized
PySRRegressor parameters are outlined in Appendix [5.A.6] Before training the
PySRRegressor models, each solution was first fit to a least squares regression

line (LSRL). The slopes and y-intercepts from the LSRL were then used as the
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training dataset for subsequent symbolic regression analyses. This method forced
a linear relationship with respect to temperature. Upon finding the optimum
symbolic expressions for density and speed of sound, the constants independent
of m and f — Ag, By, Cy, and Dy — were forced through the experimental data
for pure EMC. The rest of the constants were then re-optimized by running a
least squares curve fit to the experimental data.

The optimal correlation based on accuracy and parsimony for the densities of

EMC:EC:LiPFg solutions was found to be
p=A(f,m)+ B(f,m)T, (5.6)

where the y-intercept A and slope B are related to the salt molalities m and

weight fractions EC f through
A = AO + Alm + Agf —f- Agmf + A4m2 (57)

and

B = By + B.f + By f*m?. (5.8)

The coefficients are provided in Table [5.1 The linear fits have root mean squared
percentage errors (RMSPEs) of less than 2% across the range of electrolyte
compositions. The lower salt molalities of m = 0 and 0.5 are slightly more accurate
with RMSPEs under 1%. The relative impacts of LiPFg concentration and EC
weight fraction on the densities are seen in the magnitude of the A; (94.479) and A,
(276.06) coefficients; within the composition ranges investigated, electrolyte density
is more sensitive to changes in ethylene carbonate content than to changes in LiPF.

Upon conducting an identical symbolic regression analysis with the speed of

sound measurements, the linear expression relating ¢ to m, f, and T was
¢c=C(f,m)+ D(f, m)T, (5.9)
where the y-intercept C' and slope D are expressed as

C = Co+ Cim + (Cof +Cyy/m)” (5.10)
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Density, p Speed of Sound, ¢
Parameter Value Parameter Value
Ay 1368.4 C, 2489.5
Ay 94.479 -78.062
Ay 276.06 (s 13.955
As -29.056 C4s -0.6238
Ay -6.4893 D, -4.3895
By -1.2118 D, 0.3161
By 0.1313 D, 0.6334
B, 0.2865

Table 5.1: Coeflicients for symbolic regression fits for density and speed of sound.

and

D = Do+ Dym + Day/f. (5.11)

The speed of sound linear fits have RMSPEs of less than 2% for all tested electrolytes.
In comparison to Dy, the magnitudes of D; and D, imply that neither the LiPFg

molality nor EC weight fraction has a substantial impact on the slope of ¢(7T').

5.4.3 Isentropic bulk modulus

Characterizing the isentropic bulk modulus Ky can improve the understanding of
the mechanical stiffness of the bulk solution [176]. This can, in turn, enable acoustic
monitoring of the state of charge and state of health of Li-ion batteries by linking
changes in sound velocity to composition- and degradation-induced variations in
electrolyte density and compressibility [177-181]. The Newton—Laplace equation

relates K to a solution’s density and speed of sound through
K, = cp. (5.12)

As with ¢ and p, the isentropic bulk modulus is expected to vary with temperature
and composition.

Fig. depicts the bulk moduli for the EMC:EC:LiPFg composition space.
The solid lines are obtained by using the correlations for p and c¢ outlined in Egs.
and [5.9] respectively, along with their relation to K through Eq. [5.12] The

RMSPEs are under 1% in all instances. Furthermore, K, appears mostly linear
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Figure 5.5: Plots of the isentropic bulk modulus K for LiPFg in EMC/EC. The solid
lines are obtained by using the correlations for p and ¢ outlined in Egs. [5.6] and [5.9]
respectively, along with their relation to K, through Eq. For conciseness, only
solutions with salt molalities m = 0,0.5,1,2 and fraction EC f = 0,0.25,0.5,0.75 are
plotted.

with respect to temperature, with slight deviations at higher temperatures. Within
the examined composition ranges, variations in ethylene carbonate content produce
larger changes in K than variations in LiPFg concentration. This is similar to
trends seen with the EMC:PC cosolvent [113]. We hypothesize that both PC’s
and EC’s rigid ring structures provide additional resistance to compression of the
bulk electrolyte. In all instances, the bulk modulus varies between 1-3 GPa across

the composition space tested in this study.

5.4.4 Coefficient of thermal expansion

As discussed in the introduction, the volumetric coefficient of thermal expansion
avy is required to simulate volume flow within an electrolyte when its temperature
locally varies. Omne can rewrite Eq. as

1 (o

ay = ——

1
or (5.13)

p
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which shows that ay is proportional to the partial derivative of density with respect
to temperature. As a result, ay is fully determined by an electrolyte’s density, its

EC weight fraction, and LiPFg molality through Eq. or

1
i B = T

where the coefficients By, By, and By are provided in Table 5.1} Note that in this

(Bo + Blf + Bzf4m2> 5 (514)

expression, only p depends on temperature, and it decreases with temperature.
Thus, ay for any electrolytic solution should generally decrease with increasing
temperature. This trend is shown in Table [5.2] where the coefficient of thermal

expansion decreases with respect to temperature across all the pure solvents.

5.4.5 Isothermal bulk modulus

Classical thermodynamic anslysis shows that the isothermal bulk modulus Ky
of a fluid is a direct function of its isentropic bulk modulus Ky and thermal

expansion modulus Ky through

K—(l—i—l)l (5.15)
"7 \K, K, ‘
in which Ky is defined as
Pép
K, = 5.16
o Tad’ (5.16)

where C’p represents the solution’s specific isobaric heat capacity. Note that if
Ky >> K, the isothermal bulk modulus is well approximated by K, or K ~ K.
Alternatively, if K; >> Ky, Kr can be estimated by Ky such that Kr =~ K.
Knowledge of the magnitude of on the isentropic and thermal expansion moduli
aids understanding the relative impact of each modulus.

In order to fully characterize Kr, specific heats are needed for each of the tested
compositions. Experimental data for the LiPFg:EMC:EC electrolyte do not appear
to be available in the literature, but previous studies have reported ép for common
pure solvents. Table summarizes these values. The thermal expansion moduli

Ky range between 4-10 GPa for the common solvents of EMC, EC, and PC across
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Solvent Temp. (K) C, (J mol ! Kfl) p(kgm™3) ay (Kfl . 10_3) Ky (GPa)

EMC 283 179.2 [182 1025.2 1.182 45
300 182.8 [182 1004.7 1.206 4.0
318 186.7 [182 982.8 1.233 3.6

EC 288 131.4 [182 1343.0 [183] 0.826 10.2
300 133.0 [182 1329.7 [183 0.835 9.6
318 135.5 [182 1309.7 [183]  0.848 8.8

PC 283 150.8 [182 1216.1 [184] 0.944 7.1
293 152.7 [182 1204.6 [184] 0.953 6.8

Table 5.2: Thermal expansion modulus Ky and volumetric coefficients of thermal
expansion ay for common pure solvents.

a temperature range of 283 K to 318 K. Addition of the LiPFy salt will likely
cause the heat capacities to rise, however the close agreement of each cosolvent’s
volumetric heat capacity (pép) implies that they will retain a similar order of
magnitude. Thus, it is safe to assume that Ky for the ternary electrolyte ranges
from 1-10 GPa. Comparison of Ky to K reveals that they are of similar orders of
magnitudes, as Fig. shows that K range between 1-3 GPa for both the pure
and ternary systems. This suggests that both moduli are of similar importance
in defining the isothermal bulk modulus.

Similarities between the magnitudes of Kt and «y reveal that pressure and
temperature changes could counteract each other. For example, for pure EMC,
ap = 1.182-107% K™! and 1/Kr = 1.103 - 10~3 MPa~! at 300 K. Application
of Eq. reveals that the effects of a temperature increase of 1 K h™! and a
pressure increase of 1 MPa h™! cancel each other, resulting in a negligible flux. In
systems where batteries are thermally managed such that temperature variations
are minimized, one could assume that pressure variations are dominating (i.e. NMC
vs. Gr-SiOx cells). In any case, electrically driven flow in cylindrical and pouch

cells may be accompanied by substantial pressure and temperature variations.

5.5 Conclusion

The ubiquitous cosolvent electrolyte of ethyl methyl carbonate (EMC) and ethylene
carbonate (EC) was characterized to provide understanding how varying electrolyte

composition and temperature affect electrolyte volume and bulk electrolyte flow.
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The dynamic viscosity, density, and speed of sound were measured for 23 different
ratios of EC mass fraction and LiPFg salt molality. A correlation was determined
to relate the composition of the ternary system and its density and speed of sound.
These correlations can be used to predict the isentropic bulk modulus K to a root
mean squared percentage accuracy of 1%, in addition to its volumetric coefficient
of thermal expansion «y . The isentropic bulk moduli ranged between 1-3 GPa for
all tested compositions, while the thermal expansion moduli is expected to range
between 1-10 GPa. This implies that both are similarly relevant in determining the
isothermal bulk modulus K7 which is required for modeling bulk electrolyte velocities
with large pressure gradients. Finally, the isothermal bulk modulus was determined
to be of similar orders of magnitude to «ay,. Thus, this chapter provides the necessary
parameters to model bulk electrolyte flow for the EMC:EC:LiPFg solvent system.

Although the LiPFg / EC-EMC system investigated here targets lithium-ion cells
rather than flow batteries, several mechanistic insights translate directly to redox-
flow contexts. First, both media are non-aqueous and feature rigid cyclic solutes—
ethylene-carbonate in the Li-ion electrolyte and V(acac)s in the prototypical non-
aqueous RFB studied in Chapters [2|and |3| In each case the rigid ring is solvated
by more flexible linear carbonates, producing comparable local packing motifs.
Consequently, trends of bulk moduli climbing as the ring-to-linear-solvent ratio rises
should likewise govern the compressibility of V(acac)s electrolytes and, by extension,
other non-aqueous RFB chemistries rich in rigid polar ligands. This cross-system
consistency suggests that the acoustic/volumetric workflow demonstrated here can
be applied towards RFB solvents and additives.

As an illustrative extreme, consider fast charging of Li-ion batteries which can
experience temperature gradients approaching 60 K over 30 minutes [160], leading
to dominant temperature-driven flux contributions. In contrast, in the absence
of forced convection, liquid-phase pressure gradients are expected to remain well
below the kPa-level drops typical of flow batteries [185], rendering pressure-driven

effects secondary in fast-charge modeling.
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That said, temperature-driven fluxes will play a more muted role in practical
flow batteries than in static Li-ion cells. In situ X-ray studies of cylindrical Li-ion
cells report temperature swings approaching 60°C, whereas well-engineered flow
batteries rarely deviate by more than 5°C [186) [187]. While pressure gradients in
the liquid phase of Li-ion cells have not been measured, flow batteries experience
only kPa-level pressure drops |[188-190] across a cell thanks to well-engineered flow
fields and forced convection. Under these gentler gradients, thermo-mechanical
diffusion terms become sub-dominant to convective transport, suggesting that the
thermal expansion modulus Ky and volumetric coefficients of thermal expansion
ay dependencies quantified here set conservative upper bounds for RFB systems.
Despite the well-known economic limitations of aqueous vanadium electrolytes,
extending the present protocol to VRFB systems could refine these inferences for

a chemistry that already has large-scale commercial deployments.
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5.A Appendices

5.A.1 Speed of sound calibration

1540

= Bilaniuk et al.
= Experiment

1520 |- -1

1500

1480

Sound Speed (m-s?1)

1460

1440

1420

1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50

Temperature (°C)

Figure 5.6: Calibration of the speed of sound experiments with ultrapure water.
The length of the cuvette was altered to match data from literature [168, |169]. All
measurements are within 0.2% of each other.
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5.A.2 Experimental viscosity data

f=0 f=013 f=02 f=0247 =025
Temp. (K) m=0 m=05 m=07 m=1 m=125 m=2 m=0 m=05 m=07 m=0 m=05 m=1
281.15 0.910  1.363 1.812 - 3.303 5.853  — - - 1.250 -~ 3.756
282.15 0.901 1.351 1.798 - 3.230 5702  — - - 1.233  — 3.722
283.15 0.885  1.320 1.746 2.206  3.075 5.534  0.925 0.984 1.047 1214 2.011 3.633
284.15 0.874  1.296 1.710 2.161  3.004 5.388  0.918 0.971 1.031 1.194  1.986 3.552
285.15 0.862  1.258 1.678 2.106  2.936 5227 0.903 0.955 1.015 1175  1.946 3.460
286.15 0.849  1.246 1.646 2.062  2.867 5.095 0.888 0.946 0.999 1.156  1.906 3.376
287.15 0.837  1.223 1.612 2.015  2.797 4972 0.872 0.927 0.983 1.138  1.866 3.296
288.15 0.825  1.206 1.582 1.973  2.733 4.827  0.859 0.913 0.968 1.119  1.830 3.218
289.15 0.814  1.180 1.553 1.935  2.676 4.701  0.846 0.898 0.952 1102 1.791 3.145
290.15 0.804 1.167 1.524 1.895  2.620 4.587  0.832 0.883 0.938 1.085  1.756 3.071
291.15 0.795 1.148 1.497 1.859  2.559 4482 0.822 0.871 0.924 1.068  1.724 2.998
292.15 0.784  1.134 1.470 1.823  2.505 4.369  0.810 0.859 0.910 1.051  1.690 2.936
293.15 0.773  1.108 1.443 1.790  2.454 4.272 0.799 0.846 0.897 1.035  1.657 2.862
294.15 0.764  1.083 1.419 1.757  2.404 4.160  0.788 0.834 0.883 1.019  1.624 2.804
295.15 0.754  1.084 1.395 1.724  2.353 4.053  0.776 0.822 0.869 1.005  1.597 2.744
296.15 0.745  1.061 1.370 1.694  2.306 3.963  0.765 0.810 0.857 0.989  1.564 2.684
297.15 0.734  1.040 1.348 1.665  2.263 3.864  0.755 0.799 0.845 0.975  1.536 2.628
298.15 0.724  1.028 1.326 1.634 2218 3.784  0.746 0.788 0.834 0.962  1.508 2.574
299.15 0.716  1.000 1.305 1.606  2.173 3.697  0.737 0.777 0.822 0.947  1.483 2.518
300.15 0.707  0.995 1.284 1.579  2.136 3.618  0.727 0.767 0.810 0.935 1.456 2.467
301.15 0.699  0.977 1.263 1.551  2.093 3.531  0.718 0.757 0.800 0.922 1428 2.419
302.15 0.690  0.963 1.242 1.525  2.059 3.457  0.707 0.747 0.789 0.910  1.405 2.371
303.15 0.681  0.951 1.222 1.499  2.020 3.382  0.699 0.736 0.779 0.897  1.379 2.328
304.15 0.673  0.949 1.214 1.473  1.986 3.308  0.690 0.726 0.768 0.886  1.354 2.286
305.15 0.666  0.923 1.185 1.450  1.951 3.240  0.681 0.716 0.757 0.873  1.335 2.240
306.15 0.659  0.905 1.166 1426 1.918 3173 0.672 0.708 0.748 0.861  1.309 2.192
307.15 0.650  0.905 1.148 1.404  1.885 3.105  0.665 0.699 0.739 0.851  1.285 2.158
308.15 0.642  0.899 1.130 1.379  1.850 3.044  0.656 0.691 0.730 0.839  1.265 2.120
309.15 0.635 0.878 1.112 1.356  1.816 2.986  0.648 0.682 0.720 0.829  1.243 2.082
310.15 0.628  0.859 1.095 1.334 1.784 2.927  0.641 0.674 0.711 0.818  1.223 2.047
311.15 0.620  0.844 1.078 1.314  1.753 2.869  0.633 0.666 0.702 0.807  1.203 2.010
312.15 0.614  0.830 1.062 1.291  1.722 2.816  0.626 0.657 0.694 0.798  1.185 1.976
313.15 0.608  0.829 1.046 1271 1.694 2.759  0.618 0.649 0.686 0.788  1.167 1.942
314.15 0.601  0.818 1.031 1.249  1.666 2.710  0.611 0.641 0.677 0.778 1.151 1.908
315.15 0.594  0.805 1.016 1.229  1.642 2.656  0.605 0.634 0.669 0.768  1.134 1.878
316.15 0.588  0.796 1.002 1.208 1.614 2.602  0.599 0.627 0.661 0.759  1.115 1.844
317.15 0.582  0.786 0.987 1175  1.586 2.554  0.591 0.620 0.653 0.750  1.099 1.811
318.15 0.577  0.776 0.973 1.155  1.566 2.503  0.586 0.613 0.645 0.742  1.081 1.786

Table 5.3: Dynamic viscosities (cP) for the EMC:EC:LiPFg electrolyte (0 < f < 0.25).
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F=025 =036 f=047 =050 F=060 f=067 f=0.70 =075

Temp. (K) m=2 m=0 m =0 m=0 m=05 m=1 m=2 m=0 m=178 m=0 m=0 m=05
281.15 14.380 - - 1.796  3.328 6.789  31.200 - - - - -
282.15 13.710 - - 1.762  3.279 6.601  30.340 - - - - -
283.15 13.090 1.247 1.456 1.729  3.204 6.406  28.560 1.769 30.250 2.024 2.149  4.237
284.15 12.620 1.228 1.429 1.695  3.146 6.262 27310 1.734 28.700 1.986 2.104  4.208
285.15 12.150 1.206 1.407 1.662  3.074 6.060  26.240 1.702 27.290 1.947 2.061  4.099
286.15 11.720 1.185 1.383 1.632  3.005 5.876  25.210 1.668 26.000 1.908 2.019  4.003
287.15 11.320 1.166 1.357 1.601  2.930 5.712  24.030 1.637 24.750 1.870 1.980  3.908
288.15 10.950 1.145 1.336 1.572  2.868 5.593  23.000 1.608 23.590 1.835 1.943  3.810
289.15 10.580 1.127 1.309 1.544  2.805 5.406  22.140 1.578 22.510 1.799 1.905  3.728
290.15 10.240 1.109 1.289 1.517  2.748 5.272  21.130 1.549 21.520 1.765 1.866  3.638
291.15 9.910 1.090 1.270 1.490  2.692 5.115  20.370 1.522 20.560 1.730 1.831  3.547
292.15 9.612 1.072 1.248 1.464  2.637 4.980  19.600 1.495 19.710 1.699 1.799  3.464
293.15 9.280 1.062 1.227 1.439  2.587 4.895 18.660 1.467 18.860 1.667 1.766  3.383
294.15 9.007 1.046 1.205 1.414  2.531 4.737  17.960 1.443 18.090 1.636 1.732  3.313
295.15 8.750 1.030 1.185 1.390  2.483 4.607 17.240 1.416 17.330 1.607 1.700  3.232
296.15 8.502 1.015 1.167 1.368  2.428 4.502  16.740 1.392 16.670 1.578 1.670  3.153
297.15 8.255 1.001 1.146 1.346  2.382 4.393  15.980 1.370 16.000 1.550 1.640  3.087
298.15 8.008 0.984 1.126 1.324  2.333 4.282  15.500 1.347 15.380 1.525 1.612  3.024
299.15 7.782 0.970 1.112 1.304  2.289 4.187  14.940 1.323 14.800 1.499 1.583  2.959
300.15 7.568 0.957 1.094 1.283  2.246 4.076  14.380 1.302 14.240 1.472 1.556  2.895
301.15 7.359 0.943 1.078 1.264  2.206 3.985  13.900 1.281 13.740 1.449 1.529  2.832
302.15 7.158 0.930 1.068 1.244  2.165 3.891  13.450 1.262 13.260 1.425 1.504  2.776
303.15 6.954 0.916 1.054 1.226  2.129 3.803  13.010 1.241 12.780 1.402 1.480 2.717
304.15 6.777 0.903 1.037 1.209  2.086 3.720 12,570 1.221 12.330 1.380 1.455  2.659
305.15 6.603 0.891 1.024 1.191  2.051 3.638 12,110 1.203 11.920 1.357 1.431  2.612
306.15 6.438 0.879 1.010 1.174  2.016 3.560 11.770 1.185 11.510 1.337 1.409  2.555
307.15 6.273 0.867 0.997 1.156  1.983 3.503  11.420 1.166 11.160 1.316 1.385  2.511
308.15 6.106 0.855 0.982 1.140  1.947 3.407  11.100 1.150 10.790 1.295 1.364  2.464
309.15 5.945 0.843 0.969 1.122  1.916 3.350  10.840 1.133 10.450 1.275 1.345 2418
310.15 5.788 0.833 0.956 1.107  1.884 3.268  10.420 1.118 10.150 1.257 1.324  2.367
311.15 5.643 0.821 0.943 1.091  1.848 3.196  10.080 1.102 9.856 1.237 1.303  2.325
312.15 5.498 0.811 0.930 1.076  1.816 3.144  9.792  1.087 9.566 1.218 1.283  2.278
313.15 5.374 0.800 0.916 1.062  1.788 3.078  9.446  1.073 9.273 1.200 1.264 2.231
314.15 5.245 0.791 0.906 1.048  1.759 3.025  9.230  1.057 8.993 1.184 1.245  2.189
315.15 5.114 0.780 0.894 1.043  1.729 2983 8926 1.038 8.726 1.167 1.226 2.145
316.15 4.994 0.771 0.882 1.020  1.704 2.906  8.695  1.023 8.399 1.150 1.209  2.108
317.15 4.871 0.763 0.872 1.006 1.676 2.837 8461 1.010 8.054 1.132 1.193  2.066
318.15 4.764 0.754 0.861 0.993  1.653 2799  8.245  0.996 7.676 1.117 1.176 ~ 2.026

Table 5.4: Dynamic viscosities (cP) for the EMC:EC:LiPFg electrolyte (0.25 < f < 0.75).

122



5. Thermo-mechanical Properties of Electrolytes

5.A.3 Experimental density data

f=0 f=013 f=02 f=0247 =025
Temp. (K) m=0 m=05 m=075 m=1 m=125 m=2 m=0 m=05 m=07 m=0 m=05 m=1
281.15 1.0276  1.0781 1.1044 1.1327 1.1535 1.2057 — - - 1.1009 — 1.1923
282.15 1.0264 1.0771 1.1033 1.1315 1.1524 1.2046 — - - 1.0998 — 1.1911
283.15 1.0252  1.0760 1.1021 1.1303 1.1513 1.2034 1.0620 1.0835 1.0972 1.0986 1.149 1.1900
284.15 1.0240 1.0749 1.1009 1.1291 1.1501 1.2023  1.0608 1.0823 1.0960 1.0974  1.1479 1.1889
285.15 1.0228 1.0738 1.0998 1.1279  1.1490 1.2011  1.0597 1.0812 1.0949 1.0963 1.1468 1.1877
286.15 1.0216 1.0728 1.0986 1.1268 1.1478 1.2000 1.0585 1.0800 1.0937 1.0951 1.1456 1.1866
287.15 1.0204 1.0716 1.0974 1.1256 1.1466 1.1989 1.0573 1.0788 1.0926 1.0940 1.1445 1.1855
288.15 1.0192 1.0705 1.0963 1.1244 1.1455 1.1977  1.0561 1.0777  1.0914 1.0928 1.1434  1.1843
289.15 1.0180 1.0694 1.0951 1.1232 1.1444 1.1966 1.0550 1.0765 1.0902 1.0916 1.1422 1.1832
290.15 1.0168 1.0683 1.0939 1.1221 1.1432 1.1955 1.0538 1.0753 1.0891 1.0905 1.1411 1.1821
291.15 1.0156 1.0671 1.0928 1.1209 1.1420 1.1943 1.0526 1.0741 1.0879 1.0893 1.1400 1.1810
292.15 1.0144  1.0660 1.0916 1.1197  1.1409 1.1932  1.0514 1.0730 1.0867 1.0882 1.1388 1.1798
293.15 1.0132  1.0648 1.0904 1.1185 1.1397 1.1921 1.0502 1.0718 1.0856 1.0870 1.1377  1.1787
294.15 1.0120 1.0637  1.0893 11174 1.1386 1.1909 1.0491 1.0706 1.0844 1.0858 1.1365 1.1776
295.15 1.0107 1.0626 1.0881 11162 1.1374 1.1898 1.0479 1.0695 1.0832 1.0847 1.1354  1.1764
296.15 1.0095 1.0614  1.0869 1.1150 1.1363 1.1887 1.0467 1.0683  1.0821 1.0835 1.1343  1.1753
297.15 1.0083 1.0602 1.0858 1.1138 1.1351 1.1875 1.0455 1.0671 1.0809 1.0823 1.1331 1.1742
298.15 1.0071  1.0590 1.0846 1.1126  1.1340 1.1864 1.0443 1.0660 1.0798 1.0812  1.1320 1.1730
299.15 1.0059 1.0578 1.0834 1.1115 1.1328 1.1853 1.0431 1.0648 1.0786 1.0800 1.1308 1.1719
300.15 1.0047 1.0566 1.0822 1.1103 1.1317 1.1841 1.0420 1.0636 1.0774 1.0788 1.1297  1.1708
301.15 1.0035 1.0554 1.0811 1.1091 1.1305 1.1830 1.0408 1.0624 1.0763 1.0777 11285 1.1697
302.15 1.0023  1.0542 1.0799 1.1079  1.1294 1.1819 1.0396 1.0613 1.0751 1.0765 1.1274 1.1685
303.15 1.0011  1.0530 1.0787 1.1067 1.1282 1.1807 1.0384 1.0601 1.0739 1.0754 1.1262 1.1674
304.15 0.9999 1.0518 1.0776 1.1055 1.1271 1.1796 1.0372 1.0589 1.0728 1.0742 1.1251 1.1663
305.15 0.9986 1.0506  1.0764 1.1044 1.1260 1.1785 1.0360 1.0577  1.0716 1.0730 1.1239  1.1651
306.15 0.9974 1.0493 1.0752 1.1032 1.1248 1.1773  1.0349 1.0566 1.0704 1.0718 1.1227  1.1640
307.15 0.9962 1.0481 1.0740 1.1020 1.1237 1.1762 1.0337 1.0554  1.0693 1.0707 1.1215 1.1629
308.15 0.9950 1.0469 1.0729 1.1008 1.1225 1.1751 1.0325 1.0542 1.0681 1.0695 1.1204 1.1617
309.15 0.9938 1.0457  1.0717 1.0996 1.1214 1.1740 1.0313 1.0530 1.0669 1.0683 1.1192 1.1606
310.15 0.9926 1.0445 1.0705 1.0985 1.1202 1.1728 1.0301 1.0519 1.0657 1.0672  1.1180 1.1595
311.15 0.9913 1.0433 1.0693 1.0973 1.1191 11717 1.0289 1.0507  1.0646 1.0660 1.1168 1.1583
312.15 0.9901 1.0420 1.0682 1.0961 1.1179 1.1706 1.0277 1.0495 1.0634 1.0648 1.1156 1.1572
313.15 0.9889 1.0408 1.0670 1.0949 1.1168 1.1694 1.0265 1.0483 1.0622 1.0637 1.1144  1.1561
314.15 0.9877 1.0396 1.0658 1.0937 1.1156 1.1683 1.0253 1.0471 1.0611 1.0625 1.1132 1.1549
315.15 0.9865 1.0384 1.0646 1.0926 1.1145 11672 1.0241 1.0460 1.0599 1.0613 1.1120 1.1538
316.15 0.9852 1.0371 1.0634 1.0914 1.1133 1.1660 1.0229 1.0448 1.0587 1.0601 1.1108 1.1527
317.15 0.9840 1.0359 1.0623 1.0902 1.1122 1.1649 1.0217 1.0436 1.0576 1.0590 1.1096 1.1516
318.15 0.9828 1.0347  1.0611 1.0891 1.1110 1.1637 1.0205 1.0424 1.0564 1.0578 1.1084 1.1504

Table 5.5: Densities (kg/m?) for the EMC:EC:LiPFg electrolyte (0 < f < 0.25).
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F=025 =036 f=047 =050 F=060 f=067 f=0.70 =075

Temp. (K) m=2 m=0 m =0 m=0 m=05 m=1 m=2 m=0 m=178 m=0 m=0 m=05
281.15 1.2770 - - 1.1806 1.2264 1.2705 1.3515 — - - - -
282.15 1.2759 - - 1.1795 1.2253 1.2694 1.3503 — - - - -
283.15 1.2748 1.1321 1.1656 1.1783 1.2241 1.2682 1.3492 1.2091 1.3831 1.2435 1.2612 1.3106
284.15 1.2737 1.1310 1.1645 1.1772  1.2230 1.2671 1.3481 1.2080 1.3817 1.2424 1.2601 1.3095
285.15 1.2726 1.1298 1.1634 1.1760 1.2219 1.2660 1.3470 1.2069 1.3798 1.2413 1.2589 1.3083
286.15 1.2715 1.1287 1.1622 1.1749 1.2207 1.2649 1.3459 1.2057 1.3778 1.2401 1.2578 1.3072
287.15 1.2703 1.1275 1.1611 1.1738 1.2196 1.2637 1.3448 1.2046 1.3757 1.2390 1.2567 1.3061
288.15 1.2692 1.1264 1.1599 1.1726  1.2185 1.2626 1.3437 1.2034 1.3745 1.2379 1.2555 1.3050
289.15 1.2681 1.1252 1.1588 1.1715 1.2174 1.2615 1.3426 1.2023 1.3744 1.2367 1.2544  1.3039
290.15 1.2670 1.1240 1.1576 1.1703 1.2162 1.2604 1.3414 1.2011 1.3718 1.2356 1.2532  1.3028
291.15 1.2659 1.1229 1.1565 1.1692 1.2151 1.2593 1.3403 1.2000 1.3718 1.2344 1.2521 1.3016
292.15 1.2648 1.1217 1.1554 1.1680 1.2140 1.2582 1.3392 1.1989 1.3712 1.2333 1.2509 1.3005
293.15 1.2637 1.1206 1.1542 1.1669 1.2129 1.2570 1.3381 1.1977 1.3696 1.2322 1.2498 1.2994
294.15 1.2625 1.1194 1.1531 1.1657 1.2117 1.2559 1.3370 1.1966 1.3683 1.2310 1.2487 1.2983
295.15 1.2614 1.1183 1.1519 1.1646 1.2106 1.2548 1.3359 1.1954 1.3671 1.2299 1.2475 1.2972
296.15 1.2603 1.1171 1.1508 1.1635 1.2095 1.2537 1.3348 1.1943 1.3658 1.2287 1.2464 1.2960
297.15 1.2592 1.1160 1.1496 1.1623 1.2084 1.2526  1.3337 1.1932 1.3647 1.2276 1.2453  1.2949
298.15 1.2581 1.1148 1.1485 1.1612 1.2072 1.2515 1.3326 1.1920 1.3635 1.2265 1.2441 1.2938
299.15 1.2570 1.1137 1.1473 1.1600 1.2061 1.2504 1.3315 1.1909 1.3624 1.2253 1.2430 1.2927
300.15 1.2559 1.1125 1.1462 1.1589 1.2050 1.2493 1.3304 1.1897 1.3613 1.2242 1.2418 1.2915
301.15 1.2548 1.1114 1.1450 1.1577 1.2039 1.2481 1.3293 1.1886 1.3602 1.2230 1.2407 1.2904
302.15 1.2537 1.1102 1.1439 1.1566 1.2028 1.2470 1.3282 1.1875 1.3591 1.2219 1.2396 1.2893
303.15 1.2526 1.1091 1.1428 1.1555 1.2016 1.2459 1.3270 1.1863 1.3580 1.2208 1.2384 1.2882
304.15 1.2514 1.1079 1.1416 1.1543 1.2005 1.2448 1.3259 1.1852 1.3571 1.2196 1.2373 1.2871
305.15 1.2503 1.1068 1.1405 1.1532 1.1994 1.2437 1.3248 1.1841 1.3574 1.2185 1.2362 1.2859
306.15 1.2492 1.1056 1.1393 1.1520 1.1983 1.2426  1.3237 1.1829 1.3571 1.2174 1.2350 1.2848
307.15 1.2481 1.1044 1.1382 1.1509 1.1971 1.2415 1.3226 1.1818 1.3566 1.2162 1.2339 1.2837
308.15 1.2470 1.1033 1.1370 1.1497 1.1960 1.2404 1.3215 1.1806 1.3556 1.2151 1.2327 1.2826
309.15 1.2459 1.1021 1.1359 1.1486  1.1949 1.2393 1.3204 1.1795 1.3546 1.2140 1.2316 1.2815
310.15 1.2448 1.1010 1.1347 1.1474 1.1938 1.2382 1.3193 1.1784 1.3537 1.2128 1.2305 1.2804
311.15 1.2437 1.0998 1.1336 1.1463 1.1927 1.2371 1.3182 1.1772 1.3526 1.2117 1.2293 1.2792
312.15 1.2426 1.0987 1.1324 1.1451 1.1915 1.2360 1.3171 1.1761 1.3515 1.2105 1.2282 1.2781
313.15 1.2415 1.0975 1.1313 1.1440 1.1904 1.2348 1.3160 1.1749 1.3523 1.2094 1.2271 1.2770
314.15 1.2404 1.0964 1.1301 1.1429 1.1893 1.2337 1.3149 1.1738 1.3523 1.2083 1.2259 1.2759
315.15 1.2393 1.0952 1.1290 1.1417 1.1882 1.2326 1.3138 1.1727 1.3516 1.2071 1.2248  1.2747
316.15 1.2382 1.0940 1.1278 1.1406 1.1870 1.2315 1.3127 1.1715 1.3514 1.2060 1.2237 1.2736
317.15 1.2371 1.0929 1.1267 1.1394 1.1859 1.2304 1.3116 1.1704 1.3507 1.2049 1.2225 1.2725
318.15 1.2360 1.0917 1.1256 1.1383 1.1848 1.2293 1.3104 1.1693 1.3497 1.2037 1.2214 1.2714

Table 5.6: Densities (kg/m?) for the EMC:EC:LiPFg electrolyte (0.25 < f < 0.75).

124



5. Thermo-mechanical Properties of Electrolytes

5.A.4 Comparison of density data with literature
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Figure 5.7: Comparison of density data for the binary LiPFg:EMC electrolytes with
Wang et al. at 20°C, 25°C, and 30°C [174]. All measurements are within 1.2% of each
other.
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5. Thermo-mechanical Properties of Electrolytes

5.A.5 Experimental speed of sound data

f=0 f=013 f=02 f=0247 =025
Temp. (K) m=0 m=05 m=07 m=1 m=125 m=2 m=0 m=05 m=07 m=0 m=05 m=1
278.15 1269 1258 1283 1276 1299 1309 1308 1332 1349 1354 1353 1361
279.15 1264 1254 1279 1272 1295 1305 1304 1328 1345 1350 1349 1357
280.15 1260 1250 1274 1268 1291 1302 1300 1324 1341 1346 1345 1353
281.15 1255 1244 1270 1264 1287 1298 1296 1320 1337 1341 1341 1349
282.15 1251 1240 1266 1260 1283 1294 1291 1316 1333 1337 1337 1345
283.15 1247 1237 1262 1256 1279 1290 1287 1312 1329 1333 1333 1342
284.15 1242 1233 1258 1252 1275 1287 1283 1308 1325 1329 1329 1338
285.15 1238 1227 1254 1248 1271 1283 1279 1304 1321 1325 1325 1334
286.15 1233 1223 1250 1244 1267 1279 1275 1300 1316 1321 1321 1330
287.15 1229 1219 1246 1240 1264 1275 1271 1296 1312 1316 1317 1326
288.15 1225 1214 1241 1236 1260 1272 1266 1292 1308 1312 1313 1323
289.15 1220 1207 1237 1232 1256 1268 1262 1288 1304 1308 1309 1319
290.15 1216 1203 1233 1228 1252 1264 1258 1283 1300 1304 1305 1315
291.15 1212 1199 1229 1224 1248 1260 1254 1279 1296 1300 1302 1311
292.15 1207 1195 1225 1220 1244 1257 1250 1275 1292 1296 1298 1307
293.15 1203 1191 1221 1216 1240 1253 1246 1271 1288 1291 1294 1304
294.15 1198 1188 1217 1212 1236 1249 1242 1267 1284 1287 1290 1300
295.15 1194 1183 1213 1208 1232 1245 1237 1263 1280 1283 1286 1296
296.15 1190 1180 1208 1203 1228 1241 1233 1259 1276 1279 1282 1292
297.15 1185 1177 1204 1199 1224 1238 1229 1255 1272 1275 1278 1288
298.15 1181 1174 1200 1195 1220 1234 1225 1251 1268 1271 1274 1285
299.15 1176 1171 1196 1191 1216 1230 1221 1247 1264 1266 1270 1281
300.15 1172 1166 1192 1187 1212 1226 1217 1243 1260 1262 1266 1277
301.15 1168 1162 1188 1183 1208 1223 1212 1239 1256 1258 1262 1273
302.15 1163 1158 1184 1179 1204 1219 1208 1235 1252 1254 1258 1269
303.15 1159 1154 1180 1175 1200 1215 1204 1230 1248 1250 1254 1266
304.15 1154 1150 1175 1171 1197 1211 1200 1226 1244 1246 1250 1262
305.15 1150 1147 1171 1167 1193 1208 1196 1222 1240 1242 1246 1258
306.15 1146 1145 1167 1163 1189 1204 1192 1218 1235 1237 1242 1254
307.15 1141 1141 1163 1159 1185 1200 1188 1214 1231 1233 1238 1250
308.15 1137 1134 1159 1155 1181 1196 1183 1210 1227 1229 1235 1247
309.15 1133 1128 1155 1151 1177 1193 1179 1206 1223 1225 1231 1243
310.15 1128 1126 1151 1147 1173 1189 1175 1202 1219 1221 1227 1239
311.15 1124 1125 1147 1143 1169 1185 1171 1198 1215 1217 1223 1235
312.15 1119 1118 1142 1139 1165 1181 1167 1194 1211 1212 1219 1231
313.15 1115 1114 1138 1135 1161 1178 1163 1190 1207 1208 1215 1228
314.15 1111 1111 1134 1131 1157 1174 1158 1186 1203 1204 1211 1224
315.15 1106 1104 1130 1127 1153 1170 1154 1181 1199 1200 1207 1220
316.15 1102 1100 1126 1123 1149 1166 1150 1177 1195 1196 1203 1216
317.15 1097 1096 1122 1118 1145 1163 1146 1173 1191 1192 1199 1213
318.15 1093 1092 1118 1114 1141 1159 1142 1169 1187 1187 1195 1209

Table 5.7: Sound speeds (m/s) through the EMC:EC:LiPFg¢ electrolyte (0 < f < 0.25).
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5. Thermo-mechanical Properties of Electrolytes

F=025 =036 f=047 F =050 F=060 f=067 f=0.70 =075
Temp. (K) m=2 m=0 m=0 m=0 m=05 m=1 m=2 m=0 m=178 m=0 m=0 m=0.5
278.15 1376 1388 1427 1443 1438 1441 1443 1480 1500 1521 1538 1537
279.15 1373 1384 1423 1439 1434 1437 1440 1476 1496 1517 1534 1533
280.15 1369 1380 1419 1436 1430 1433 1437 1473 1493 1513 1530 1530
281.15 1366 1376 1415 1432 1427 1430 1433 1469 1490 1509 1526 1526
282.15 1362 1372 1411 1428 1423 1426 1430 1465 1486 1505 1522 1522
283.15 1359 1368 1407 1424 1419 1423 1427 1461 1483 1502 1519 1519
284.15 1356 1364 1403 1420 1415 1419 1423 1457 1480 1498 1515 1515
285.15 1352 1360 1399 1416 1412 1415 1420 1453 1476 1494 1511 1511
286.15 1349 1356 1395 1412 1408 1412 1417 1449 1473 1490 1507 1508
287.15 1345 1352 1392 1408 1404 1408 1413 1445 1470 1486 1503 1504
288.15 1342 1349 1388 1404 1400 1405 1410 1441 1466 1482 1500 1500
289.15 1338 1345 1384 1400 1397 1401 1407 1437 1463 1478 1496 1497
290.15 1335 1341 1380 1396 1393 1397 1403 1433 1460 1475 1492 1493
291.15 1331 1337 1376 1392 1389 1394 1400 1430 1456 1471 1488 1489
292.15 1328 1333 1372 1388 1385 1390 1396 1426 1453 1467 1484 1485
293.15 1324 1329 1368 1384 1382 1387 1393 1422 1450 1463 1480 1482
294.15 1321 1325 1364 1381 1378 1383 1390 1418 1446 1459 1477 1478
295.15 1317 1321 1360 1377 1374 1379 1386 1414 1443 1455 1473 1474
296.15 1314 1317 1356 1373 1370 1376 1383 1410 1440 1452 1469 1471
297.15 1310 1313 1352 1369 1367 1372 1380 1406 1436 1448 1465 1467
298.15 1307 1309 1348 1365 1363 1369 1376 1402 1433 1444 1461 1463
299.15 1303 1305 1344 1361 1359 1365 1373 1398 1430 1440 1458 1460
300.15 1300 1301 1340 1357 1355 1361 1370 1394 1426 1436 1454 1456
301.15 1296 1297 1336 1353 1352 1358 1366 1390 1423 1432 1450 1452
302.15 1293 1293 1332 1349 1348 1354 1363 1387 1420 1428 1446 1449
303.15 1290 1289 1329 1345 1344 1351 1360 1383 1416 1425 1442 1445
304.15 1286 1285 1325 1341 1341 1347 1356 1379 1413 1421 1438 1441
305.15 1283 1281 1321 1337 1337 1343 1353 1375 1410 1417 1435 1438
306.15 1279 1277 1317 1333 1333 1340 1350 1371 1406 1413 1431 1434
307.15 1276 1274 1313 1329 1329 1336 1346 1367 1403 1409 1427 1430
308.15 1272 1270 1309 1325 1326 1333 1343 1363 1400 1405 1423 1427
309.15 1269 1266 1305 1322 1322 1329 1339 1359 1396 1402 1419 1423
310.15 1265 1262 1301 1318 1318 1325 1336 1355 1393 1398 1415 1419
311.15 1262 1258 1297 1314 1314 1322 1333 1351 1390 1394 1412 1416
312.15 1258 1254 1293 1310 1311 1318 1329 1347 1386 1390 1408 1412
313.15 1255 1250 1289 1306 1307 1315 1326 1343 1383 1386 1404 1408
314.15 1251 1246 1285 1302 1303 1311 1323 1340 1380 1382 1400 1405
315.15 1248 1242 1281 1298 1299 1307 1319 1336 1376 1378 1396 1401
316.15 1244 1238 1277 1294 1296 1304 1316 1332 1373 1375 1393 1397
317.15 1241 1234 1273 1290 1292 1300 1313 1328 1370 1371 1389 1394
318.15 1237 1230 1269 1286 1288 1297 1309 1324 1366 1367 1385 1390

Table 5.8: Sound speeds (m/s) through the EMC:EC:LiPFg electrolyte (0.25 < f < 0.75).
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5. Thermo-mechanical Properties of Electrolytes

5.A.6 PySRRegressor parameters

PySR Parameter Value
Populations 30
Binary Operators +,—, X
Unary Operators Square, cube, square root, logarithm
Number of iterations 120
Population size 60
Number of cycles per iteration 50
Maximum size 20
Maximum depth 60
Complexity of constants 0.5
Complexity of variables 1

Table 5.9: Parameter settings for PySRRegressor during symbolic regression of speed of
sound and density.
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Conclusions

This dissertation set out to unravel the coupled chemical, transport, and mechanical
phenomena that presently constrain the performance and durability of non-aqueous
redox-flow batteries (NARFBs). Although each chapter addresses a distinct scale—
from cell level operation to molecular interactions—their collective narrative is
intentionally circuitous: the work begins by motivating long-duration storage on
modern grids, follows the fate of membranes during extended cycling, constructs a
rigorous theoretical framework to quantify motion under realistic concentrations, and
finally supplies the material constants that anchor theory to practice. The present
chapter synthesises the primary findings across that trajectory, paying particular
attention to the theoretical and data-centric advances articulated in the prior two
chapters and explaining how they knit together with the earlier mechanistic studies.

The empirical core of the thesis, presented in Chapters[2]and 3, demonstrated that
separator fouling—mnot electrolyte degradation—is the dominant mode of capacity
fade in the V(acac);/TEABF, electrolyte. By carefully isolating the separator
from the electrolyte and showing that capacity recovers when a fresh membrane
is installed, those chapters shifted the focus from chemical stability to transport
and reactor design. Yet this re-orientation raised an immediate question: how can

one predict, quantitatively, how multicomponent electrolytes will evolve under the
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6. Conclusions

steep concentration, potential, and pressure gradients encountered in practical flow
cells? Chapters [4] and [5| provide a foundation to respond to this challenge.
Chapter [] reconceptualises multicomponent transport through a salt—charge
transformation of the Onsager—Stefan—-Maxwell (OSM) equations. By projecting
the fluxes into electroneutral and net-charge subspaces, the reformulation achieves
two ends. First, it provides a coherent hierarchy of models—from the classical
Nernst—Planck equation at one extreme to the complete OSM formalism at the other—
together with transparent criteria for selecting the level of complexity warranted by
a particular operating regime. Second, the salt—charge basis deconvolutes chemical-
electrical entanglements so that the electrical contribution stands alone in the
Gibbs-free-energy expression. A robust electroneutral reference state is developed
which does not give particular charged species special roles. This insight has
immediate practical value: it enables modelers to trace apparent deviations from
electroneutrality back to specific entries of the electroneutral Darken matrix.
The predictive power of any theory, however elegant, rests on the fidelity of
its constitutive inputs. Chapter |5 therefore undertakes a comprehensive char-
acterisation of the thermo-mechanical properties of LiPFg in EC/EMC mixed
carbonates, measuring viscosity, density, acoustic velocity, and both isothermal
and isentropic bulk moduli across temperature and composition windows typical of
contemporary battery operation. Although LiPFg electrolytes differ chemically from
the V(acac)s systems explored in the earlier chapters, they share a critical structural
similarity: both rely on rigid-ring solutes dissolved in comparatively flexible linear
co-solvents. This parallelism suggest that volume-of-mixing functions, partial-molar
compressibilities, and analogous second derivatives of the Gibbs free energy exhibit
trends that are not limited to individual chemistries. By providing closed-form
correlations for these properties, Chapter |5 makes the OSM framework in the
salt—charge basis of Chapter |4 executable under varying pressure and temperature.
The interplay between Chapters [ and [5] thus completes a methodological
loop that began with the mechanistic diagnostics of Chapters [2] and The

experimental discovery that fouling accelerates whenever large ionic-strength and
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6. Conclusions

potential gradients are imposed across the separator is now able to be practically
modeled using concentrated solution theory with only a limited number of transport
coefficients with the relations derived in Chapter [, while the constitutive data of
Chapter |9 allows for the extension under nonisothermal and nonisobaric conditions.
A practical implication follows: separator durability cannot be evaluated by steady-
state permeability tests performed at a single concentration, nor can it be predicted
by models that assume ideal mixing. Instead, one must resolve space- and time-
dependent gradients of both concentration and electrostatic potential, feed them
through the full OSM framework, and monitor the resulting ionic fluxes.

Several limitations remain. Although the salt—charge methodology is formally
general, its empirical validation has so far been confined to a single class of
lithium electrolytes. Extending the property measurements to acetonitrile-based
organometallic systems would tighten the link between theory and the specific RFB
chemistry studied in Chapters 2] and [3 Moreover, the membrane characterisation
relied primarily on ex-situ imaging and electrochemical proxies; operando neutron or
X-ray tomography could provide real-time visualisation of pore occupancy, directly
correlating structural changes with transport degradation. Finally, the techno-
economic implications of the dynamic fouling model-—particularly the trade-off
between separator cost and lifetime—have been only sketched in outline. Embedding
the coupled transport and fouling equations into a cost-optimisation framework
represents a practical next step toward technology-neutral decision making.

Notwithstanding these caveats, the work presented in this thesis ames to reshape
several common assumptions made by the flow-battery research community. It
shows that the lifetime of an RFB is governed as much by how the electrolyte is
moved, balanced, and pressurised as by the intrinsic chemical stability of its redox
couples. It supplies a theoretical language, complete with empirically grounded
coefficients, to quantify those coupled influences. Lastly, it demonstrates that
apparently disparate design choices such as separator porosity, flow-field geometry,
reservoir sizing, and state-of-charge protocol can be evaluated on a single energetic

and economic footing once representative transport descriptors are in place.
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6. Conclusions

Taken as a whole, this dissertation argues for an integrative view of electrochemical-
energy-storage research—one that treats materials science, transport theory, and
system engineering as mutually reinforcing rather than sequential endeavours. By
doing so, it shortens the feedback loop between laboratory discovery and profitable
product design. In the broader context of grid decarbonisation, such integration is
essential: only when theory, data, and device co-evolve can long-duration storage
progress from an academic aspiration to an industrial reality capable of undergirding

a resilient, low-carbon energy infrastructure.
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