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Abstract

Species Transport Mechanisms Governing Crossover and
Capacity Loss in Vanadium Redox Flow Batteries

Ertan Agar

E. Caglan Kumbur, Ph.D., Advisor

Vanadium redox flow batteries (VRFBs) are an emerging energy storage technology
that offers unique advantages for grid-scale energy storage due to their flexible design
and decoupled power/energy feature. Despite their popularity, a series of technical
challenges hinder their widespread implementation. Among these, capacity loss (i.e.,
loss of energy storage capability) due to the undesired species crossover across the
membrane has been identified as the key issue limiting the longevity of these systems.
This issue is primarily governed by the properties of the membrane and can be
mitigated by using proper membrane architectures with desired features. Presently,
identifying proper membrane architectures for VRFB systems is hampered by the lack
of a fundamental understanding of the nature of species transport mechanisms and

how they are related to the membrane properties and key operating conditions.

This Ph.D. study seeks to address this critical challenge by exploring the fundamental
mechanisms responsible for species transport within the membrane. The overall
objective of this dissertation study is to establish a fundamental understanding of the
multi-ionic transport in VRFB membranes by investigating the ionic transport
mechanisms responsible for crossover, and utilize this understanding to reveal the role
of membrane properties and operating conditions on the capacity loss. To achieve
these goals, a combined experimental and computational study was designed. An

experimentally validated, 2-D, transient VRFB model that can track the vanadium



X1V

crossover and capture the related capacity loss was developed. In addition to the
model, several electrochemical techniques were used to characterize different types of
membrane and study the effects of various operating conditions on the species
crossover. Using these computational and experimental tools, an in-depth
understanding of the species transport mechanisms within the membrane and how
they are related to membrane properties and operating conditions of VRFBs has been
obtained. Finally, this understanding was utilized to identify effective mitigation
strategies to minimize the capacity fade and improve the long-term performance of

these systems.
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Chapter 1. Introduction

1.1 Background

The major issue in large-scale usage of renewable energy from natural sources (i.e.,
solar, wind) is the availability of efficient, cost-effective energy storage systems.
Recently, redox flow batteries (RFBs) have emerged as a promising energy storage
technology due to their flexible design and ability to efficiently store energy. RFB is
an emerging secondary battery technology that offers unique solutions for large-scale
energy storage applications, enabling the widespread use of renewable energy sources.
Unlike traditional batteries, the electrolytes are stored in external tanks and are
circulated through a cell stack. In this cell stack, the energy conversion occurs due to
electrochemical reactions between the electrode and liquid electrolyte. Two carbon
electrodes and differently charged electrolyte solutions are separated by an ion-
exchange membrane (Fig. 1.1). The role of the membrane is to prevent the mixing of
the electrolytes while allowing for the transfer of protons between the two half-cells
to maintain the electro-neutrality [1]. Once the charged electrolytes are depleted (i.e.,
participated in reaction), they are re-circulated back to the electrolyte tanks for

recharging.

Load

Electron Flow ﬁ
\ 4

Power Supply
V4*(Discharged) _ _ 3+ (Discharged) Half Ce” ReactionS
e vy yvi+ €
Positive H* Negative 3 Charee o
Electrolyte Tank <--—- Electrolyte Tank V7 +e ’ A%
(Vanadium +H,SO,) (Vanadium +H,S0,) discharge
v5+ V2+ charge
2+ —_— + - +
V5+(Charged) V2+ (Charged) VO~ + HZO ' V02 +e +2H
Cell Stack discharge
Pump Pump

Figure 1.1 Schematic of VRFB operation and redox reactions that take place in the flow cell.
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In the 1970s, NASA started research on redox flow batteries. Over the past 40 years,
several redox couples have been investigated, namely: vanadium/vanadium,
zinc/bromine, polysulfide/bromine, iron/chromium and cerium/zinc [2]. Several RFBs
are currently available commercially including the Vanadium Redox Flow Battery
(VRFB), which was invented by Skyllas-Kazacos and coworkers at University of
New South Wales [3-7]. Among the different types of flow batteries, the VRFB (Fig.
1.1) distinguishes itself by employing different oxidation states of the same element,
vanadium, in both half-cells. The key advantage of VRFBs is that power generation
and energy storage are decoupled, such that the energy storage capacity is determined
by the size of the electrolyte tanks, whereas the power rating is dictated by the size
and number of redox cells [8-11]. The decoupled energy and power feature enables
these systems to be scaled to different applications ranging from kW to MW scale.
Utilization of the same, but differently charged, species in VRFBs eliminates most of
the major problems that affect the performance and durability of other RFBs, offering
a number of key advantages such as: rapid recharging, high efficiency (~85%), long

cycle life (12,000+), full discharge capability and low maintenance [12-13].

1.2 Problem Description and Current Understanding

One of the major issues limiting the long-term performance of VRFBs is the
undesired transport of vanadium ions through the membrane, which is known as
crossover [10]. As a result of crossover, the vanadium ions from the two electrolytes,
which are supposed to remain separate, come into contact with one another, resulting
in side reactions which are expected to lower the output voltage, reduce the system

capacity and increase operating cost [8].
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In order to reduce crossover in these systems, current research has focused on
synthesizing and testing different types of membrane that limit the permeability of
reacting species. To date, membranes used in VRFBs are mostly selected from
commercially available materials (e.g., Nafion®), which are primarily designed for
different applications, such as PEM fuel cells [14-15]. Due to the difference in system
chemistries, these membranes exhibit low ion selectivity, yielding high vanadium
crossover and capacity loss [8]. In addition to membrane properties, key operating
conditions play an important role in crossover [10]. Therefore, understanding the
transport of vanadium ions in the membrane along with how it is related to the
membrane properties and key operating conditions (e.g., electrolyte flow rate, and
charge/discharge current) is essential to reduce the crossover and resulting capacity

loss.

To date, research on VRFB membranes has centered on development of membranes
that are chemically stable and perm-selective, especially to vanadium ions or
alteration of commercially used membranes to minimize the crossover losses [16-19].
The most common membrane that has been subjected to investigation is Nafion® due
to its high conductivity and good chemical stability [14-15]. Several surface
modification or inorganic doping processes were proposed to reduce the permeability
of vanadium ions [20-21]. While these modifications have been shown to be effective
at reducing vanadium permeability, the major problem associated with the use of
Nafion® is the cost. Studies show that the Nafion-based membranes are responsible
for ~41% of the total cost of overall system [8, 22-23]. Therefore, researchers have
recently started to look for alternative membranes that are inexpensive, yet show

desired performance characteristics for VRFB operations. Recently, Kim et al. [8]
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investigated the Radel polymer as a potential membrane candidate. The sulfonated
Radel membrane (s-Radel) is shown to yield an order of magnitude lower
permeability of VO* ions (2.07x107cm’*min) as compared to Nafion®
(1.29x10"°cm*/min), resulting in higher efficiency and lower capacity loss [8] (Fig.
1.2). However, these membrane types show a decline in performance at around 40

cycles due to the degradation of the membrane [8,23].

Another major issue limiting the membrane studies is the conductivity-permeability
trade-off. Because, increasing conductivity of the membrane results in higher
crossover, which limits the long-term performance and lifetime of VRFBs. In an
effort to address this issue, the transport characteristics of vanadium ions and water
have been investigated by Sun et al. [10] during charge/discharge cycling and self-
discharge of a VRFB. Using this framework, a mathematical model has been
developed by You et al. [24] which predicts the self-discharge of a VRFB without
flowing the electrolyte. Although this information is valuable when addressing VRFB
cycle life and self-discharge issue, it lacks an understanding of how species transport

mechanisms governing crossover affect VRFB performance.
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Figure 1.2 Performance comparison of VRFB with Nafion®117 and sulfonated Radel (s-

Radel) membranes: a) efficiency and b) capacity [8].

Due to the lengthy time requirements of experimental studies, mathematical models
have emerged recently to understand the system behavior and identify the losses in
VRFBs [24-35]. A very few (less than a dozen) modeling studies have been reported
so far. These models are based on the macroscopic approaches adopted from PEM
fuel cell literature due to the similarity of these systems. In general, they are primarily

focused on identifying the major losses in order to improve the system performance.
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Although these models provide useful tools for analysis of VRFB performance, their
ability to investigate the crossover phenomenon is limited. For instance, they treat the
membrane as a perfectly selective membrane which allows for the transport of only
hydrogen protons, ignoring the transport of vanadium ions and negatively charged
species. Also, they do not account for the physics at the membrane | electrolyte
interface, such as: the presence of steep gradients in species concentrations and ionic
potential. These limitations result in improper treatment of species transport and poor

predictions of capacity loss.

1.3 Motivation and Thesis Objective

Vanadium redox flow batteries (VRFBs) hold great promise for use in grid-scale
energy storage due to their flexible design and ability to efficiently store large
amounts of energy. Unlike conventional electrochemical systems (e.g., batteries,
supercapacitors), VRFBs have a unique system architecture which allows them to
decouple energy storage capacity from power output. Although this architecture
offers a number of key advantages, one major issue that hinders the long-term
performance of these systems is the loss of available capacity over time. Typically,
VRFBs experience significant capacity fade during cycling due to the undesired
transport of vanadium ions through the membrane (known as ‘crossover’). This issue
is primarily governed by properties of the membrane and can be mitigated by using
proper membranes with desired features. Presently, identifying proper membrane
architectures for VRFB systems is hampered by the lack of a fundamental
understanding of the nature of species transport mechanisms and how they are related

to the membrane properties and key operating conditions.
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Despite its importance, the literature lacks a descriptive theoretical framework to
better understand the nature of transport mechanisms of vanadium ions and assess
their dependency on the chemical composition of the membrane and operating
conditions. This Ph.D. study seeks to address this critical challenge by exploring the
fundamental mechanisms responsible for species transport within the membrane. The
overall objective is to establish a fundamental understanding of the multi-ionic
transport in VRFB membranes by investigating the ionic transport mechanisms
responsible for crossover, and utilize this understanding to reveal the role of
membrane properties and operating conditions on the capacity loss. In line with this
overarching goal, the specific objectives of this Ph.D. study are:
e to develop a new modeling framework that incorporates, for the first time, all
species transport mechanisms governing crossover in VRFBs.
e to identify the role of membrane properties (i.e., thickness and chemical
properties of the membrane) on species transport mechanisms.
e to investigate the effects of operating conditions on species transport
mechanisms and related capacity loss.
To achieve the stated goals, a combined experimental and computational study was
designed and performed. The details of these studies are documented in the following
chapters of this thesis. Chapter 2 describes the mathematical framework of the VRFB
model and presents the details of the model formulation. In Chapter 3, the
experimental validation of the model along with a case study performed for Nafion®
membrane is reported. Chapter 4 is devoted to the role of membrane properties (i.e.,
chemical structure and membrane thickness) on species crossover. The connection
between the structure of the membrane and crossover is presented. Chapter 5 focuses

on the effects of operating conditions on long-term performance of the VRFB. It also
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documents the studies performed to identify mitigation strategies. Finally, Chapter 6
summarizes the major findings of this dissertation study along with a discussion on

the future work.
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Chapter 2. VRFB Model Development

As a first step of this Ph.D. study, a 2-D transient VRFB model that incorporates the
transport of all species (i.e., vanadium, water, hydrogen ions and bisulfate) through
the membrane was developed. This model was utilized to capture the relative
contribution of each species transport mechanism (i.e., diffusion, convection, and
migration) to the crossover. This chapter describes the mathematical framework of

this model, along with governing equations and boundary/initial conditions.

2.1 Introduction

Among the flow battery types, the VRFB distinguishes itself by using different
oxidation states of the same vanadium element in the redox reactions [36]. During
charge/discharge of a VRFB, the redox reactions occur simultaneously in both half-
cells as follows:

charge

3+ - 2+
V7 +e Vv
Gischarge (Negative) 2.1
charge
VO* + H,0 VO; +e” +2H"
discharge (Positive) (2 2)

where VO** and VO," represent vanadium in the V(IV) and V(V) oxidation states,

respectively.

Due to the high cost and lengthy time requirements of experimental studies,
performance studies have been conducted through the development of mathematical
models. Only a very few (less than dozen) modeling studies [24-35] have been

reported so far. In general, these models are based on the approaches adopted from
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PEM fuel cell literature due to the similarity of these systems, and are primarily
focused on understanding the system behavior and identifying the major losses in

VRFBs. A good review of the modeling efforts is provided in [37].

The first model for VRFB systems was introduced by Li and Hikihara [25]. They
developed a zero-dimensional, transient model that simulates the mechanical
(pumping) and electrochemical performance of a VRFB system [25]. Soon after, Shah
et al. [26] developed a transient, two-dimensional model of a single cell, which was
used to predict the temporal distributions of the reactants and analyze the effects of
inlet flow rates on VRFB performance. In other work by the same group, this model
was expanded to include the effects of heat generation, localized temperature
variations, and hydrogen/oxygen evolution [27-29]. You et al. [30] later utilized the
mathematical framework developed by Shah et al. [26] to formulate a steady state
model in order to predict the effects of applied current density and state-of-charge
(SOC) on the performance. Vynnycky [32] proposed scaling and asymptotic methods
to reduce the complexity of the model developed by Shah et al. [26] for analysis of
large-scale VRFB stacks. Recently, Ma et al. [33] have utilized the same framework
to develop a 3D model of a negative electrode to study the effects of electrolyte

velocity on VRFB performance.

While these pioneering studies provide useful tools for rapid analysis of VRFB
operation, they are based on some assumptions which may hinder their ability to
predict all the physical and chemical phenomena that take place in these systems. For
instance, one limitation in these models is the inaccuracy of the predicted cell voltage.

A constant fitting voltage of 131 to 140 mV (~10% of the total voltage) is typically
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added to the predicted voltage in order to account for unknown discrepancies with
experimental data. In a recent work by Knehr et al. [38], it was suggested that this
discrepancy is caused by the utilization of an incomplete version of the Nernst
equation when calculating the maximum theoretical voltage — open circuit voltage
(OCV) — of the system. To address this issue, a more complete version of the Nernst
equation that accounts for the proton activity at the positive electrode and the Donnan
potential across the membrane was proposed to provide a better means for predicting

the OCV [38].

Another limiting assumption in these models is that they treat the membrane as a
perfectly selective membrane which allows for the transport of only hydrogen
protons; such that vanadium ions and negatively charged species are not permitted to
transport through the membrane. However, in reality, the ion-exchange membranes
used in these systems are not ideally perm-selective. Therefore, both negatively and
positively charged species are able to transport through the membrane, which results

in side reactions and capacity loss [39].

Recently, Skyllas-Kazacos and her co-workers [34-35] developed a zero-dimensional
model which simulates the capacity loss of a static VRFB cell during cycling. The
model was used to predict trends in capacity loss as a result of gas evolution and side
reactions caused by the diffusion of vanadium through the membrane. While this
model provides a useful starting point for the simulation of crossover during VRFB
operation, it accounts for only the diffusion of vanadium ions through the membrane,
and does not include the other species (e.g., water, bisulfate and hydrogen ions) and

the other ion transport mechanisms (e.g., migration and convection). A good
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extension of this model would be to incorporate all three mechanisms of species
transport (e.g., migration, convection and diffusion), the transport of all species
through the membrane, and the interfacial mass transport at the electrolyte |
membrane interface, which is essential to accurately couple the species crossover in

the membrane with the mass transport in the electrodes.

In order to close this critical gap in literature, in this thesis work, a 2-D, transient,
isothermal model that can simulate the species crossover in the membrane is
presented. The model incorporates the transport of all species (i.e., vanadium, water,
hydrogen ions and bisulfate) through the membrane and accounts for the changes in
the membrane potential due to the species concentrations and the semi-permselective
nature of the membrane. In particular, the model incorporates all three modes of
species transport across the membrane (i.e., convection, diffusion, and migration) and
accounts for the transfer of water between the half-cells and the side reactions
associated with the species crossover. It also utilizes a set of boundary conditions
based on the conservations of flux and current at the electrolyte | membrane interfaces
to account for the steep gradients in concentration and potential at these interfaces.
Finally, the present model accounts for the contribution of the proton activity on the
OCV at the positive electrode, which enables accurate prediction of the cell potentail
without the use of a fitting voltage. In the following sections, the formulation of the
model is presented along with a detailed discussion of the model capabilities and an

analysis of the charge/discharge simulations performed by the model.
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2.2 Method of Approach
2.2.1 Model Formulation
The present model consists of five domains, namely: the current collectors, the porous
positive electrode, the porous negative electrode and the membrane (Fig. 2.1). The

model is constructed based on the following assumptions:

1. All domains in the cell are considered isothermal.

2. Electrolyte flow is incompressible.

3. The mass and charge transfer properties of the electrode, electrolyte and
membrane (i.e., resistivity, viscosity, diffusion coefficients, etc.) are assumed

to be isotropic.

4. Hydrogen and oxygen evolution reactions are neglected.

5. The dilute solution approximation is utilized for species transport.

6. Variations in concentration, potential, and pressure in the z-direction are

neglected.
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Figure 2.1 Schematic of the VRFB system and modeling domains

2.2.1.1 Porous Electrode

In each half-cell, liquid electrolytes consisting of water, sulfuric acid (i.e., H", HSO,,
and SO,”) and charged vanadium species (i.e., V**, V**, VO™, and VO,") flow

through the porous carbon electrodes. The conservation of mass for each charged

species is defined using the following equation:

o _
—(&c)+V-Nf ==S,
al(gcl) 12 z

where ¢; is the bulk concentration of species i in the electrolyte (e), € is the porosity

of the electrode, Nf is the flux of the charged species in the electrolyte, and S,

denotes the source term for the species. Eq. 2.3 applies to all charged species except

SO,”, which is calculated from the condition of electroneutrality in the electrolyte as

shown below:
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Zzicf =0 2.4)

where z; is the valence for species i.

In Eq. 2.3, the source term S; (given in Table 2.1) represents the change in
concentration of species i due to the electrochemical reactions in the half-cells and the
dissociation of H,SO, (Eq. 2.5). It is important to note that since the electrolytes
contain less than the experimentally observed limit of H,SO, (40 mol kg [26]), it is
safe to assume that the first step of dissociation (H,SO, — H" + HSO,) is fully
complete. The second step of dissociation (HSO, — H*+ SO,”) can be described

using a dissociation source term (S,), which represents the changes in the

concentrations of the species in order to maintain the correct ionic ratios, and is given

as follows:

e e

C —C .
g CHSO

S, =k, R : _IB (2.5)
€+ T Cuso;

where £ is the degree of dissociation of HSO,, which is determined experimentally
[40] and is assumed to be constant in this study. The term k, represents the

dissociation reaction coefficient, which is used as a fitting parameter to model

instantaneous dissociation of the acid.
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Table 2.1 Mass, dissociation, and reaction source terms

Positive Negative
Term Description

electrode electrode
S, V(Il) concentration equation (mol m™) i/F
S V(lll) concentration equation (mol m™®) —i/F
S, V(IV) concentration equation (mol m™) i|F
S, V(V) concentration equation (mol m™) —i/F
A Proton concentration equation (mol m™) -, —2i/F -8,
S o Bisulfate concentration equation (mol m™) S, S,

. L . 3 -1 i Mw
S, Velocity continuity equation (kg m®s™) 7 0
W

cell

The flux of each species in Eq. 2.3 is defined by the Nernst-Planck equation, which

determines species movement due to diffusion, migration, and convection:

N ==DIVc! —zulc!FV ¢ +7 ¢! (2.6)

1711

where ¢, is the ionic (liquid) potential, £ is the ionic mobility and v, is the velocity
of the electrolyte j. The term D represents the effective diffusion coefficient, which
is calculated using the Bruggemann correlation (Eq. 2.7).

DY =D, @)

Under the dilute solution approximation, the ionic mobility in the electrolyte, u; (see

Eq. 2.6) is represented using the Nernst-Einstein equation, which is given as follows

[41]:
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e

eff
u’ = D,

_Y (2.8)
" RT

where R is the universal gas constant and 7' is temperature.

The bulk velocity (v, ) can be determined using the following continuity equation:
V. (pj‘—/;j): Sm,j (2.9)

where p is the density of electrolyte j. The term §,,; represents the mass source term

which describes the generation or depletion of water in the cell due to the
electrochemical reactions and is given in Table 2.1. To account for variations in
electrolyte volume, water is treated as a volume instead of a concentrated species in

the model formulation. The velocity term (v;) in Eq. 2.9 is calculated using the

Darcy’s law:

\7A :—£ij
M

(2.10)

where, 4, is the dynamic viscosity of the electrolyte, p; is the pressure, and X is the

effective permeability of the electrode, which is determined using the Kozeny-

Carman equation:

4r; & 2.11)

The term r, in Eq. 2.11 represents the mean radius of the electrode pores, and Cy is

the Kozeny-Carman constant [42]. Due to the lack of data regarding the electrolyte

viscosity of a VRFB, a constant value of x4 is used for each electrolyte, which
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represents the viscosity of the electrolyte at 50% state of charge (SOC) [43]. The

values of 4, and the other electrolyte properties are listed in Table 2.2.

Table 2.2 Electrolyte properties and parameters

Symbol Description Value

k, HSO, dissociation reaction rate constant (s™)* 1x10*

IB HSO, degree of dissociation 0.25 [40]
U Average dynamic viscosity of negative electrolyte (Pa s) 0.001 [43]
U, Average dynamic viscosity of positive electrolyte (Pa s) 0.0035 [43]
2 Average density of negative electrolyte (kg m™) 1300 [43]
P, Average density of positive electrolyte (kg m™) 1350 [44]
0. Density of water (kg m™) 999 [45]
D, V(1) diffusion coefficient (m*s™) 2.4 x 107 [46]
D, V{D) diffusion coefficient (m*s™) 24 x10"°[46]
D,, V{V) diffusion coefficient (m”s™) 3.9 x 10'°[46]
D, V(V) diffusion coefficient (m*s™) 3.9x 10"°[46]
D,. H* diffusion coefficient (m”s™) 9312 x 107 [48]
DH s0; HSO, diffusion coefficient (m*s™) 133 x 107 [48]
D S0 SO,* diffusion coefficient (m?*s™) 1.065 x 107 [48]

‘Fitted parameter

The species transport, electrochemical reactions, and current in the electrode domain

are coupled through the conservation of charge:
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where i is the reaction current density. jand ;¢ denote the liquid (ionic) and solid

(electronic) current density in the electrode domain, respectively, and are given as

follows:
Ji =FZZ,Nf (2.13a)

ji =0V

(2.13b)

where ¢ is the bulk conductivity of the electrode, and its value is given in Table 2.3

along with the other properties of the electrodes and current collectors.

The local reaction current density (i) is expressed by the Butler-Volmer equations,

which are given in Eq. 2.14 for both the negative (‘-’) and positive (‘+°) electrodes.

el | ool S 2 e
Cu RT Cy RT )| (2.14a)

. e 1) ( o\ c; 1—0(+F . c, —0{+F .
i, =aF k+(cn/)1 (CV) {[é]exp[%)—(é)exp[la—yﬁl (2.14b)

In Eq. 2.14, k represents the reaction rate constant, and ¢ denotes the charge transfer

coefficient. The term a is the specific surface area of the porous electrode, whereas

n represents the overpotential and is defined as follows:

n,= ¢ -9, _EO,j (2.15)
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where E|  represents the open circuit voltage (OCV) of each half-cell calculated

using the Nernst equations given as follows:

,  RT p .
E, =E;,_+— ln(if] (Negative) (2.16a)
Cu

RT | | & -(Ci,H+)Z

E,,=E, + - (Positive) (2.16b)
F Cyy

Table 2.3 Electrode and current collector properties
Symbol Description Value
e Electrode porosity® 0.93
r, Mean pore radius (um)? 50.3
a Specific surface area (m™)? 3.5x 10
Cye Kozeny-Carmen Coefficient 180 [42]
h., Electrode height (m) 0.035
Wy Electrode width (m) 0.0285
I¢ Electrode thickness (m) 0.004
)5 Current collector thickness (m) 0.06
o° Electronic conductivity of electrode (S m™)° 66.7
o Electronic conductivity of current collector (S m™)° 1000

“Experimentally determined (Section 2.2.2.2)
*Supplied by Manufacturer (SGL Carbon Group, Germany)
‘Estimated
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In Eq. 2.16, E(;’_ and E(;’Jr represent the standard reduction potentials for the

negative and positive electrodes, respectively. In the presence of an electric field, like
the Galvani potentials of a VRFB, ionic bonds become stretched and weakened,

leading to an increase in the dissociation of the ions. Therefore, when determining

ci ,-1n Eq. 2.16b, all protons initially bonded to SO,* are assumed to be fully

dissociated, existing as free protons [38]. The input parameters describing the reaction

kinetics in Eqs. 2.14-16 are listed in Table 2.4.

Table 2.4 Kinetic parameters

Symbol Description Value
k Reaction rate constant for negative reaction (m s™)° 7.0x10°
k, Reaction rate constant for positive reaction (m s™)? 25x10%
o Negative charge transfer coefficient® 0.45
o, Positive charge transfer coefficient® 0.55
E(’),_ Standard reduction potential at negative electrode (V) -0.255 [27]
E$,+ Standard reduction potential at positive electrode (V) 1.004 [27]
“Fitted

In the Bulter-Volmer equations (Eq. 2.14), ¢; denotes the surface concentration of
species i at the liquid-solid interface of the electrode. For the negative half-cell, these

concentrations are determined by solving for ¢, and cj, in the following equations

[29]:
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FD[] M — Fk_ (CZ )(liai) (c]e[] )OL c” exp m — cli exp ﬂ (2 .17a)
r, ¢ RT ¢, RT

M - e e (e | [ S —o k. _ i m
FDH][ r, }—Fk(w]) (0111) Hcfu ]exp( RT J (c; ]exp[ RT (2.17b)

where r, (the mean pore radius of the electrode) represents the average diffusive

path-length. In the positive half-cell, ¢;, and ¢, can be determined by developing a

similar system of equations using Eq. 2.14b. For brevity, these equations are not
included in this paper, but a detailed description of this formulation can be found in

[26-29].

2.2.1.2 Current Collector
The current collectors are composed of impermeable solid graphite. Therefore, all

current within this domain is electronic and governed by Ohm’s law:

JjE =—0“Vg« (2.18)

where o° is the conductivity of the current collector.

2.2.1.3 Membrane

Unlike previous models, the present model accounts for the transport of all charged
species through the membrane, including: V>, V**, VO**, VO,*, H*, and HSO, . Each
of the positive species (i.e., vanadium and protons) satisfies the following mass

balance:
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i Y. N (2.19)

where ¢ represents the concentration of species i in the membrane (m), and the flux,

Nl.’” , 1s defined using the Nernst-Planck equation (Eq. 2.6). The concentration of the

bisulfate, HSO,, is calculated from the condition of electroneutrality in the membrane

as shown below:

m —
zje,+ 2 7] =0 (2.20)
i
where z, and ¢, represent the charge and concentration of the fixed sulfonic acid

groups that are present in the ion-exchange membrane (e.g., Nafion®), respectively. It
is important to note that SO, is not present in the membrane because it is assumed
that the dissociation of HSO, is completely suppressed by the presence of the fixed

charge in the membrane [47].

For the Nernst-Planck equation (Eq. 2.6) in the membrane, the velocity (v") is given
by an alternate form of Schlogl’s equation [39]:

—=m Kp K-(Zj
T JE(Ver+vgn) 221)

where g is the viscosity of water, &, is the electrokinetic permeability and &, is

the hydraulic permeability. The first term represents the osmosis of water through the
membrane as a result of pressure differences between the half-cells. The second term

represents the electro-osmotic convection caused by the viscous interactions between

the fluid and the mobile ions, where F (V¢1m + V@?f) represents the body force acting

on the mobile ions. The term V@ accounts for the liquid potential difference across
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the membrane, and V¢Z‘lﬁ’ is the effective diffusion potential, which accounts for the

viscous drag as a result of ion diffusion and is calculated as follows [48]:

F» z.D"Vc"
Vo = 2 ; (2.22)

Oy

where O is the effective conductivity of the membrane:

F? 5
o, =—>» z D"c" (2.23)
eff RTZ i i i

In the membrane, only ionic current exists (le =0) and similar to the porous

electrode, it is proportional to the flux of all the species and is calculated using Eq.
2.13a (jl'” =F 2 zi]\7 " ] The properties used for the membrane are provided in Table

2.5.
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Symbol Description Value

" Membrane thickness (um) 203 [49]

¢ Fixed acid concentration (mol m™) 1990 [49]
Z, Fixed acid charge -1

K, Electrokinetic permeability (m?)? 1.13x10%
K, Hydraulic permeability (m?) 1.58 x 1078 [50]
K¢ Interfacial potential fitting parameter® 0.25

Dy V(Il) membrane diffusion coefficient (m?s™)? 3.125x 10"
D} V(lll) membrane diffusion coefficient (m* s™) 5.93 x 1072 [51]
Dy, V(IV) membrane diffusion coefficient (m?s™) 5.0 x 102 [51]
Dy V(V) membrane diffusion coefficient (m? s™) 1.17 x 102 [51]
D7, H* membrane diffusion coefficient (m*s™) 3.35x 10°[47]
DZSQI HSO, membrane diffusion coefficient (m?s™) 4x10™"[52]

‘Fitted parameter

2.2.1.4 Membrane | Electrolyte Interface

At the membrane | electrolyte interface, current and species flux are continuous;

however, the potential and species concentrations are discontinuous due to the perm-

selective nature of the membrane [39]. In order to simulate this interfacial region and
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account for these discontinuities, the membrane | electrolyte interface is modeled as a
region with finite thickness. A set of boundary conditions have been developed to
describe the mass transport at the interface, and the derivation of these equations is

explained below.

The membrane | electrolyte interface is composed of a membrane region with a
thickness of 6" and an electrolyte region with a thickness of §°(Fig. 2.2). When
compared, the membrane | electrolyte interface in a VRFB resembles the interface
that can be seen at the surface of a flow-by electrode, where a flow-by electrode is
defined as an electrode with a liquid electrolyte flowing over its surface (e.g., those
found in electrochemical cells where the liquid is displaced due to stirring or pumping,
e.g., a rotating disc electrode). Therefore, it is reasonable to assume that §° is
equivalent to the diffusion boundary layer that exists at the surface of a flow-by
electrode, where the thickness of this layer can be calculated as follows:

DY p /s
56 = 5”10”19””4"’[ [M ] (2 '24)

J

In Eq. 2.24, D;if; represents the average effective diffusion coefficient of the species,

and O

momentum

is the thickness of the hydrodynamic momentum boundary layer (Fig.

2.2), which is the zone next to the electrode where the velocity changes from zero to

the bulk velocity. The value of &

momentum

can be determined for a fully developed

laminar flow through a porous media (in this case, the electrode) in contact with a flat

plate (in this case, rigid polymer membrane) as follows [53]:
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K
=.|— (2.25)
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Figure 2.2 Schematic of the momentum boundary layer at the membrane | electrolyte

interface under no slip conditions for laminar flow. (8, ~100um)

m

In terms of the thickness of the membrane region at the interface (o™), there is no
established theoretical method for calculating 6" . In the present model, we assume
that 5" is equivalent to §° for simplicity. Since §° is typically less than 1% of the
membrane thickness (~200 um), it is reasonable to assume linear variations in
concentration and potential over these small regions. Furthermore, because the steep
concentration and potential gradients at the interface cause large diffusion and
migration fluxes, the contribution of convection to the total species flux can be
assumed negligible. Using these two assumptions, one can determine the flux of each
species in the electrolyte ( 8¢ ) and membrane ( 6" ) regions at the
membranelelectrolyte interface by discretizing the diffusion and migration terms in

the Nernst-Plank equation (Eq. 2.6) as follows:



43

N?r :_D‘e/_’f (Cie _ijllnc)_Z‘u?F (Cl-e +CijunC)K¢(¢le - lm) (2263)
! l 5e i%i 2 5(3

N™ =—p" e —cr) )—zu,’"F(c"j o) 1=K, o — o) (2.26b)
1 1 §m 171 2 5’”

where N and N/ are the fluxes of species i in the electrolyte interface region and

Jjunc
i

membrane interface region, respectively. The term ¢/“* represents the concentration

of species i at the membrane | electrolyte junction (Fig. 2.3a), and K is a fitting

parameter that represents the percentage of the total potential jump (¢f —(/)l’")

occurring in the electrolyte interface region (Fig. 2.3c).

Jjunc
i

The concentration of each species at the membranelelectrolyte interface (¢/“*) can be

calculated by setting the fluxes at the interface equal (N” = N") and solving for

¢/ . This procedure is valid for all membrane species except HSO,, which is

1

assumed to be discontinuous at the junction due to the fixed charge in the membrane.
In order for the electrolyte and membrane regions to remain electrically neutral, the
HSO, concentration at the junction must satisfy the following condition of

electroneutrality (Fig. 2. 3b):

Junc,m ___ junc,e

CHSO; ~ Y HSO;

Jjunc,e

*“) can be
HSO;

The concentration of the bisulfate at the electrolyte side of the interface (c

calculated by i) replacing the term ¢/ in Eqs. 2.26a and 2.26b with cg;'gf and

i
4
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Jjunc,e

( Cuso;

. .. . . er — AT
—c f), respectively, ii) setting the fluxes at the interface equal (NHS o = N HSO; ), and

Jjunc,e

jii) solving for .
iii) solving fo CHSO;

a) b)
Membrane
junc
C:
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Figure 2.3 Schematic of the a) generalized species concentration distribution, b) HSO,

concentration distribution and c¢) potential distribution at the electrolyte | membrane interface,

which illustrates the concept of an electrolyte and membrane interfacial region.

(6°= 06" ~1am)

Using the equations developed for the species flux, the membrane interfacial region
can be incorporated into the model by applying the following boundary condition on

the charged species at the membranelelectrolyte interface:

—7i-N"=—N" atx=X,and X =X, (2.28)

1 1
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where 7 denotes the outward normal unit vector and x, and x, refer to the
membranelelectrolyte interface at the ‘-’ and ‘+’ half-cells, respectively (see Fig. 2.1).
At the electrolyte interfacial region, the side reactions due to crossover must be
incorporated into the boundary conditions. It is reported that the vanadium crossover
through the membrane will result in the following side reactions in the electrolytes

[10]:

Negative electrolyte:

VO™ +V* +2H" -2V + H,0 (2.29a)

VO; +2V* +4H" =3V +2H,0 (2.29b)

Positive electrolyte:

V* +2V0f +2HY —3V0™ + H,0 (2.30a)

V' +vo; — 2vo* (2.30b)

These reactions were observed during a self-discharge study with no net current
exchange between the graphite felt electrodes and electrolyte. Therefore, it is safe to
assume that these reactions are chemical in nature (as opposed to electrochemical)
and are not hindered by the slow kinetics of the un-catalyzed graphite felt. Moreover,
assuming that the rate of the chemical reactions is much quicker than the species flux
and all side reactions instantaneously occur upon entrance into the electrolyte region,
the flux of the vanadium and hydrogen species at the electrolyte interfacial region can

be represented by the following boundary conditions:



Negative membranelelectrolyte interface (x = x,, see Fig. 2.1):

—ii-N¢. =N, —2Ng — 4N}
—ii-No =N& —N& —2N¢

—ii-N¢ =N +2N% +3N7

Positive membranelelectrolyte interface (x = x5, see Fig. 2.1):
- AT e — er er
-n-N, . =N_ —-2N,
—ii-Nj, =N, +3N§ +2N;,

- _>€_ er er er
_n'NV _NV _2N11 _Nm

Both interfaces (x = x, and x = x,, see Fig. 2.1):

_’jl'.]_\']e = N¢

HSO; HSO;
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(2.31a)

(2.31b)

(231¢)

(2.322)

(2.32b)

(2.32¢)

(2.33)

A case study has been performed to compare and validate the concentration and

potential jumps predicted at the membranelelectrolyte interface and can be found in

Section 3.1.1.1.

2.2.1.5 Boundary Conditions

In the following section, the locations of the boundary conditions are specified in

accordance to the x and y coordinates shown in Fig. 2.1. At the electrode | current

collector interface (x = x, and x = x,) and along the top (y = &

cell

of the membrane, zero species flux conditions are assumed.

) and bottom (y = 0)
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—n-N;/ x=x, and x=x,

0= (2.34)
- ﬁ ’ Nim y = 0 and y = hcell

At the inlets at the bottom of the electrode domains (y = 0), the inward flux of the
species can be determined from the velocity of the electrolyte and the concentrations

of the species:

¥ =0 (inlets) (2.35)

where w,,, is the cell width, L, is the thickness of the electrode, and @ is the

cell
volumetric flow rate. At the outlets at the top of the electrode domains (y = 4,,,), the
pressure is set constant, and the diffusion driven flux of the species is assumed to be

Z€10:

p = pout
y=h,, (outlet) (2.36)
—i-DVel =0

At the membranelelectrolyte interface (x =x, and x =x,, see Fig. 2.1), the water

transfer between the half-cells is incorporated by setting the pressure in the membrane
equal to the pressure in the electrode. In addition, the “inlet” velocity into the
electrode is taken as equal to the sum of the membrane velocity and the flux of water

associated with the crossover side reactions (see Eqs. 2.29 and 2.30):

m e

p =p x=x,and x=x, (2.37a)
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M .
A"+ (Vg +2N7)  x=x,
P
_ﬁ.f,]? — (2.37b)
M, .
n-v"+—=N, X=X,
p%’

Constant pressure is maintained at the electrodelcurrent collector interfaces in the
electrode domain (x = x, and x = x,, see Fig. 2.1), which creates a no-slip boundary

condition for the velocity:

_ﬁVp:O x:xlandx:x4 (2.38)

The cell is simulated under constant current density, and the following boundary

conditions are applied to the current collectors (x =0 and x = x,, see Fig. 2.1) during

charging:
1
- x=0
. hcell ch//
—i- = (2.39)
1
X=X
hcell chll

where I is the current, and the signs are reversed during discharging. Consequently,
the rest of the cell (top and bottom of the electrode and membrane domains) is taken

to be electrically insulated:

— T cC — e — M

_n.] :_n'].v :_n.]lm:_ﬁ'jle:() y:()andy:hcell (240)

The solid potential at the ‘- current collector boundary is set to zero and is used as a

reference potential for the remainder of the cell:
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p° =0  x=0 (2.41)

2.2.1.6 Inlet Concentration, Electrolyte Tanks, and Initial Values

During the operation of a VRFB, the concentrations of the species in the electrolyte
tanks and the volumes of the electrolytes are constantly changing due to the
electrochemical reactions and species crossover in the cell. To account for the
changes in species concentrations, the inlet concentration for each species is
simulated using the conservation of mass as follows:

ﬁ = % (Jv(?”tcf”tdl - Jvi"cf"dl) c"(0)=c¢’ (2.42)

J J i i
at J

where V; is the tank volume of half-cell j. The superscripts in and out refer to the
value at the inlet or outlet of the electrode. Likewise, the changes in electrolyte

volume can be calculated using the following differential equation:

av. ‘
a_tj =W, L, (v;’m -V ) V; (O) =V (243)

The range of initial tank volumes, VT0 , used in this study is given in Table 2.6 along
with the operating conditions used in the simulations. It is important to note that the
total electrolyte volume of each half-cell is taken as the sum of the tank volume (VT0 )

and the volume in the cell, whereas the electrolyte in the pumps and tubes is neglected.

The initial concentrations for the simulations are given in Table 2.7. The initial
concentrations in the electrolytes represent a VRFB at 15% state of charge (SOC),

where SOC is defined as follows:



c

Negative Electrolyte: SOC=—-"L—
CptCy
c
Positive Electrolyte: SOC=—-="
¢y tey,
c, +c
Total Cell: SOC = a 4

Cy ey tey ey
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(2.442)

(2.44b)

(2.44c¢)

The concentrations of the sulfuric acid species (H*, HSO,’, and SO,*) in Table 2.7

were determined based on the electrolyte preparation method [24] and the degree of

dissociation ( S).

Table 2.6 Operating conditions and parameters

Symbol Description

Value

VT Electrolyte volume in half-cell tank (ml)
T Operating temperature (K)

i Current (A)

() Inlet volumetric flow rate (ml min™)

Outlet pressure (kPa)

out

21-56

300

0.4-0.5

20-30

100

2.2.1.7 Numerical Methods

The system of equations formulated above was solved using COMSOL Multiphysics

software and the built-in tertiary current distribution, Darcy’s Law, and ODE options.

A mesh size of 380 elements was utilized, and the relative tolerance was set to 2.5 x

10°.
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Table 2.7 Initial species concentrations

Symbol Description Value
Cg V(Il) initial concentration in negative electrolyte (mol m™) 156
C?H V(I1) initial concentration in negative electrolyte (mol m™) 884
C?V V(IV) initial concentration in positive electrolyte (mol m™) 884
C,g V(V) initial concentration in positive electrolyte (mol m™) 156

H* initial negative concentration in negative electrolyte (mol m'3) 4447.5

—,H+
e’ H* initial positive concentration in positive electrolyte (mol m™) 5097.5
+,H"
HSOy initial negative concentration in negative electrolyte
e’ . 2668.5
S (mol mP)
HSOy initial positive concentration in positive electrolyte
& 3058.5
TS0 (mol m3)
Initial concentration of all vanadium species in membrane
0
CV;;Zadium 3 0
(mol m™)
cg{” H* initial concentration in membrane (mol m™) 1990
2.2.2 Experimental

2.2.2.1 Charge/Discharge Cycling

To provide data for model validation, performance tests were conducted using a
vanadium flow cell with an active surface area of 10 cm’. The cell contained two
composite graphite current collectors and two GFAS (SGL Carbon Group, Germany)
carbon felt electrodes, which were separated by a Nafion® 117 membrane. The

electrodes were heat-treated at 400 °C for 6 hours in air to functionalize their surface
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[54]. To pretreat the Nafion®, the membrane was submerged in H,O, for 30 min at
80 °C, then in boiling water for 30 min. Next, it was soaked in 0.5 M H,SO, at 80 °C
for 30 min, and finally cleansed in boiling water [8]. Two peristaltic pumps were used
to circulate the ‘+ and ‘-’ electrolytes between the cell and storage reservoirs, which
were continuously purged with nitrogen gas. In the experiment, each half-cell
contained 60 ml of electrolyte. The electrolytes were prepared by filling each half-cell
with an initial 60 ml solution of 1040 mol m~ VOSO, (VO*) in 4000 mol m~ H,SO,
and charging the solutions at 1.7 V to produce -’ and ‘+ half-cell solutions
consisting of V** and VO,", respectively [55]. The ‘+  half-cell electrolyte was then
replaced by 60 ml of the initial solution, resulting in final electrolyte solutions that

consist of 1040 mol m™ V** in 3480 mol m” H,SO, in the ‘-> half-cell and 1040 mol

m~ VO* and 4000 mol m™ H,SO, in the ‘+ half-cell [38].

Charge/discharge testing of the VRFB was performed at a constant current of 0.4 A,
and the electrolytes were maintained at a constant flow rate of 30 ml/min. The cell
was charged to a maximum potential of 1.7 V and discharged to a minimum potential
of 0.8 V. Open circuit measurements were performed after each galvanostatic

charge/discharge step in order to determine the SOC of the system.

2.2.2.2 Electrode Properties

It is anticipated that the predictions of a VRFB model would be very sensitive to the
input parameters used for the transport properties of the porous electrodes (i.e.
porosity, specific surface area, and fiber diameter) [56-58]. Therefore, to further
improve the accuracy of the model, the key structural properties (e.g., specific surface

area, porosity and pore radius) of GFAS graphite felt used in the experiments were
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obtained using a suite of validated microstructure characterization algorithms
described in the literature [56-58]. To summarize, the electrode material was initially
imaged using a SkyScan 1172 x-ray tomograph. A binary segmentation was
performed on the resulting tomogram to differentiate the solid and pore phases, and
then the tomogram was assembled into a 3D virtual volume. A suite of
microstructural analysis algorithms was applied to determine the porosity, mean pore
diameter, and specific surface area of the material. The porosity was evaluated by
discretely counting the number of voxels belonging to the pore phase versus the total
number of voxels in the dataset, whereas the surface area was obtained by counting
the number of voxel faces occurring at the interface between a pore voxel and a solid
voxel. Iterative morphological image operations were used to determine the mean
pore diameters. More detailed information regarding the algorithms can be found in
[56-58]. These properties were used as input parameters for the electrode domain and

are presented in Table 2.3.
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Chapter 3. Validation and Case Study for Nafion® Membrane

Once the model was developed, the next step was to validate the model against
experimental data. In the first part of this chapter, the model validation is presented.
In the second part, a case study (using a Nafion® membrane) that has been performed
to investigate the relative contribution of each species transport mechanisms
(diffusion, convection, and migration) to the vanadium crossover and resulting

capacity loss is presented.

3.1 Model Validation

3.1.1 Membrane | Electrolyte Interface

The first step in the model validation is to determine if the model properly predicts the
concentration and potential jumps at the membrane | electrolyte interfaces. Due to the
experimental limitations, it is very challenging to obtain in-situ data at these interfaces,
which can be used for comparison against the predicted values. Therefore, to validate
the interface model, the model predictions were compared against the values
predicted by the Donnan potential (A¢), which represents the potential jump at the
membrane | electrolyte interface for a system in equilibrium. In particular, the

potential jump (A¢) and concentrations (c; and c¢.') at the interface predicted by the

model were compared against the values computed by the Donnan potential given in

Eq. 3.1 [59]:

A¢=£Zmrﬁ) 3.1)

where the subscript ¢ denotes the cation species.
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Equation 3.1 is valid for a single cation electrolyte which is in equilibrium with a
semi-permeable membrane (i.e., when no net charge transfer occurs across the
membrane | electrolyte interface). However, the present model does not meet these
requirements, as it has multiple cations and a net current. Therefore, in order to
compare the results of the mass and charge transport equations (Eq. 2.24-27) against
the Donnan potential, a simplified model that simulates a static flow cell in

equilibrium was developed based on the formulation outlined in Section 2.2.1. In this

model, the cell was assumed to be static (a) = O) and there was no reaction current or

net current density (i =j :O). All other initial values, parameters, and physics

remained the same (Fig. 3.1a). Using the same numerical methods described in

oE
Section 2.2.1.8, the time dependent problem was solved until a—“” =~ (0, which
t

indicates that the species within the electrolyte reached equilibrium. Figures 3.1b and

3.1c depict the predicted distributions of ¢, . and ¢, at the interfacial regions of the

membrane during equilibrium. The transition from electrolyte to membrane occurs at

x = 1.0 cm (-’ electrode interface) and x = 1.02 cm (‘+’ electrode interface). To

compare the predictions, the ¢, . values captured from Figure 3.1b were incorporated

into Eq. 3.1, and the theoretical Donnan potentials were calculated at the two
interfaces. When these results were compared to the predicted potential jumps (Fig.
3.1c), an average error of 0.42% was observed, indicating that the present model can
accurately capture the potential and concentration jumps at the membranelelectrolyte

interfaces.
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Figure 3.1 a) Schematic and parameters of simplified model used for interfacial physics
validation; b) distribution of hydrogen proton concentration and c) distribution of electrolyte
potentials across the membrane (electrode | membrane interfaces occur at x = 1 and x = 1.02

cm). All values in the distributions are taken at the y = 0.35 cm cross-section.

3.1.2 Performance and Capacity Loss Validation

The second step in the model validation is to compare the performance predictions of
the model (i.e., voltage and capacity loss) with experimental data. First, a single-cycle
was simulated to match the experimental operating conditions described in Section
2.2.2.1. The simulation was conducted as follows: i) charging was started at an initial
SOC of 15%, ii) charging continued until the cell voltage reached 1.7 V, and iii) the
cell was discharged until the SOC was 15%. The starting and ending SOC’s of the

simulation were selected to match the starting and ending experimental SOC data.
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Figure 3.2a shows the comparison between the simulated results and experimental
data. A very good agreement in voltage (less than 2% average error) was observed.
This accuracy is a result of three main factors: i) the inclusion of the contribution of
the hydrogen protons at the ‘+’ electrode in the Nernst equation, ii) the incorporation

of additional potential jumps at the membranelelectrolyte interfaces, and iii) the fact

that both the ‘-’ and ‘+’ reaction rate constants (k_and k, ) and charge transfer

coefficients (¢_and ¢r,) were taken as fitted parameters. The values of k£ and o
have not been reported in the literature for the graphite felt used in the experimental
set-up. It is also important to note that along with k£ and « , the diffusion coefficient
of V(I) in the membrane (3.125 x 10" m* s™) and the electrokinetic permeability
(1.13 x 10 m?®) of the membrane were also taken as fitted parameters due to the lack
of data for Nafion® 117 in literature, and to match the coulombic efficiency of the

experimental data (97%).

A second validation was performed to compare the capacity loss predicted by the
model after 45 cycles against experimental data published by Kim et al. [8]. The tests
in [8] were conducted at the following conditions: 50 ml of electrolyte per half-cell,
electrolyte concentrations of 2000 mol m™ vanadium and 5000 mol m™ total sulfate,
electrode surface area of 10 cm?, a constant flow rate of 20 ml min™, and a constant
current of 0.5 A. The model was simulated under similar conditions, however the
electrolyte volume and vanadium concentration were reduced to 25 ml and 1040 mol
m”, respectively to reduce the computing time. During the simulation, the cell was
charged to a maximum voltage of 1.7 V and discharged to a minimum voltage of 1.1
V, which is equivalent to ~95% and ~10% SOC, respectively. The capacity for each

simulated cycle was calculated in reference to the discharge time of the first cycle:
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t,
capacity = | ~2" x100% (3.2)

dis,1

where, ¢, is the discharge time of the n™ cycle. A comparison between the

dis,n
simulated results and the experimental data is shown in Fig. 3.2b. Over the 45 cycles,
an average error of 4.2% (consistent throughout the cycles) is observed between the
simulated and experimental results. It is anticipated that this slight discrepancy is due
to the fact that crossover is the only source of capacity loss in the model. Other factors

such as gas evolution, shunt currents, and electrolyte leakage that may affect the

capacity loss in the experiments are assumed negligible.
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volume of 60 ml and a concentration of 1040 mol m™ vanadium

and 5000 mol m™ sulfate. The cell was operated at a 30 ml min™ electrolyte flow rate and a 40

mA c¢m” constant current density. b) Comparison of the change in cell capacity (discharge

time) after 45 cycles between the simulation and experimental data published in [8] for a 10

cm® VRFB cell operated at a 20 ml min™ electrolyte flow rate and a 50 mA cm™ constant

current density.

3.2 Concentration and Current Distributions in Electrodes

Once validated, the simulations were performed to assess the model capabilities.

Figure 3.3a depicts the concentration distribution in the ‘+’ and -’ electrodes at 50%

SOC during charging of the cell. These results were obtained for the single cycle
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simulation. The simulation results indicate that both the ‘+’ and ‘-’ electrolytes show
an increase in proton concentration along the y-axis. The concentration increase in the
‘+’ electrolyte can be attributed to the redox reaction at the electrode surface, whereas
the increase in the ‘-’ electrolyte can be attributed to the transport of hydrogen protons
across the membrane (from ‘+’ to ‘-’ electrode) to maintain electroneutrality. In

addition, Fig. 3.3a shows a disparity in concentration between the two half-cells,

which is believed to be caused by the electrolyte preparation method [59].

a) Hydrogen Protons (molm-3)
- Negative Electrode Positive Electrode
3.5 4788 -\"“'A—v,_,_\ 4789 /\ /\ 521 4_\_ ‘i;,_»i___ 3.5
3.0 “A\\ms\\‘\ 521\34:\\‘:?%_521# 3.0
2.5¢ T 1a, 125
= ® 20 €
o -g S
= 15 1.5 >
2 10
0.5
0.0
X(cm)
Reaction Current Density (A m-2)
Negative Electrode Positive Electrode 35
E 3.0
o ]
g —_—
5 5
qE) =
=

Figure 3.3 Distributions of a) hydrogen proton concentration and b) magnitude of reaction
current density during charging at 50% SOC. Data taken from the single cycle simulation (10

cm’ cell, 30 ml min™ electrolyte flow rate, and 40 mA cm™ constant current density).
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Figure 3.3a also shows a slight increase in the proton concentration near the ‘+’
current collector (x = 1.42 cm). It appears that this increase in concentration can be
caused by the high reaction current near the current collector (Fig. 3.3b), which
corresponds to a higher production of hydrogen protons. The observed increase of the

reactions in the vicinity of the current collectors can be attributed to the fact that the

conductivity of the solid electrode (o) is lower than the conductivity of the liquid

electrolyte (o). In other words, the ionic current is expected to be more favorable

than the electronic current because the electrolyte region is less resistive than the
electrode region. In order to minimize the electronic and maximize the ionic current, a

large amount of reactions is expected to occur close to the current collector.

For this simulation, the conductivity of the solid electrode is taken as 66.7 S m™
(reported by manufacturer) and the average effective conductivity of the electrolyte is
200 S m" (found from Eq. 2.23). The low conductivity in the electrode and high
conductivity in the electrolyte is most likely due to the high porosity (¢ = 0.93) of the
carbon felt. The high porosity corresponds to a low quantity of connected fibers (high
resistance) for electron transport and a large amount of void space (less resistance) for
ion transport. These predictions highlight the importance of analyzing the tradeoffs
between electronic and ionic conductivity when designing a high performance

electrode material.

3.3 Simulated Performance for 45 Cycles
The model was also utilized to investigate the trends in performance over 45 cycles.
The voltage curves for the first 5 and last 5 charge/discharge cycles are provided in

Fig. 3.4a, and the charge time, discharge time, and percent capacity loss for each
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cycle are given in Fig. 3.4b. Overall, a 16.9% decrease in discharge time is predicted
after ~100 hours of operation, which corresponds to a reduction in discharge time
from 72.6 to 60.3 minutes. As anticipated, the model results also suggest that the
vanadium transport through the membrane significantly reduces the lifetime of a

VREB.

Figure 3.5a shows the voltage, coulombic, and energy efficiencies for all 45 cycles,
which have average values of 83%, 97%, and 80.5%, respectively. The simulations
show that there is no significant change in the efficiencies after 45 cycles, suggesting
that the loss in capacity has a minimal effect on the cell efficiencies. The same
behavior was also reported by Kim et. al. [8] for 45 experimental charge/discharge
cycles. Figure 8b shows the SOC of the ‘+’ half-cell, ‘-’ half-cell, and whole cell at
the maximum charging cut-off voltage of 1.7 V for each cycle. From Fig. 3.5b, it
appears that the loss in charge/discharge capacity occurs due to a decrease in the
maximum SOC of the whole cell, which indicates that the amount of vanadium
reacting during charging is decreasing over time. This behavior suggests that there
may be a net transfer of vanadium from one half-cell to the other. To clarify, if one
half-cell is becoming depleted and the other enriched with vanadium, the charging
time will be limited by the amount of vanadium in the depleted half-cell. All of the
vanadium in the depleted half-cell is expected to react during charging, which will
cause the cell to reach the cut-off voltage before all the vanadium in the enriched half-
cell can react. This will result in the depleted half-cell maintaining a high SOC at the

end of charging while the SOC of the enriched half-cell decreases for each cycle.
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2 4490 4349 99.8%
3 4479 4341 99.7%
4 4468 4329 99.4%
5 4455 4317 99.1%
41 3793 3685 84.6%
42 3776 3668 84.2%
43 3761 3653 83.9%
44 3745 3637 83.5%
45 3730 3621 83.1%

Figure 3.4 a) Charge/discharge performance of cycles 1 to 5 and 41 to 45 for the extended
charge/discharge simulation (10 cm” cell, 20 ml min™" electrolyte flow rate, and 50 mA c¢cm™
constant current density). b) Tabulated data of the charge/discharge times and percent of

initial capacity for the cycles shown in part (a).
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Figure 3.5 a) Efficiencies and b) maximum state of charge (SOC) for the extended
charge/discharge simulation (10 cm” cell, 20 ml min™" electrolyte flow rate, and 50 mA c¢cm™

constant current density). Maximum SOC was determined at the cut-off voltage of 1.7 V.

Based on the simulation results shown in Fig. 3.5b, it appears that the ‘+’ half-cell has
a consistently high SOC (greater than 94%) at the end of charging, while the SOC in
the ‘-’ half-cell is steadily declining. This trend suggests that the ‘+’ half-cell SOC is
being depleted of vanadium while the -’ half-cell is becoming enriched. In other
words, the simulation indicates that a net vanadium transfer from the ‘+’ to ‘-’ half-
cell may be responsible for the decrease in the maximum SOC of the cell, and hence,

the capacity of the system.
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3.3.1 Trends in Vanadium Crossover

Figure 3.6a plots the total amount of vanadium in each half-cell (electrode + tank) at
the end of each cycle, where cycle “0” represents the initial conditions. As expected
from the observed trends in SOC, the simulation indicates a net transfer of vanadium
from the ‘+’ to ‘-’ half-cell. Previous studies have predicted [34-35] that the net rate
of vanadium crossover occurs from the ‘-’ to ‘+’ half-cell due to the higher average
diffusion coefficients of V** and V** as compared to VO** and VO,". However, the
simulations herein show the opposite trend, which might be due to the fact that
diffusion may not be the dominating mechanism of species transport in the membrane
for the operating conditions and input parameters tested in this study. Depending upon
the operating conditions (e.g., constant flow rate, constant pressure, etc.), the
contribution of convection and migration on the species transport can be more
significant as compared to diffusion, which may result in a different trend in
vanadium transfer. For instance, a constant flow rate operation can cause pressure
gradients across the membrane due to the difference in viscosities of the electrolyte in
+ and — half cells, which can promote the convective transport of vanadium ions. It is
important to note that the predicted trends also depend strongly on the values used for
the electrolyte viscosities, as they indicate the direction of the pressure drop across the
membrane. Therefore, along with the membrane properties, the effects of operating
conditions and electrolyte properties on the crossover should be carefully analyzed to

better understand the mechanisms responsible for the crossover and capacity losses.
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Figure 3.6 Quantity of vanadium in each half-cell a) at the end of each cycle and b) during
the first charge/discharge cycle of the extended simulation (10 cm® cell, 20 ml min’

electrolyte flow rate, and 50 mA cm™ constant current density).

Similarly, Fig. 3.6b shows the total amount of vanadium in each half-cell during the
first charge/discharge cycle. According to the simulation, the net vanadium crossover
in the cell is always in the same direction as the cell current. During charging, the net
vanadium crossover is from the ‘+’ to ‘-’ half-cell and vice versa for discharging. The

observed trends are believed to be caused by the contributions of migration and
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electro-osmotic convection towards the total vanadium flux. Figure 3.6b also shows
that the amount of vanadium in each half-cell remains unbalanced at the end of the
cycle, which is due to the fact that the net amount of crossover from the ‘+’ to ‘-’
half-cell during charging exceeds the net amount of crossover from the ‘-’ to ‘+’ half-

cell during discharging. This data also verifies the exchange in total vanadium

between the half-cells observed over the 45 cycles.

3.4 Species Distribution in the Membrane

3.4.1 Hydrogen Protons, Bisulfate, and Potential

The model was also solved to predict the species and potential distribution in the
membrane during operation. Figure 3.7 shows spatial distributions of hydrogen
protons, bisulfate ions (HSO,), and potential in the membrane during charging at
50% SOC. This data was taken from the 45" cycle of the extended charge/discharge
simulation. The model predictions suggest that there exist significant amount of
sulfuric acid (protons and bisulfate) in the membrane, which varies within the
membrane. In addition, a small ohmic drop of ~2.5 mV is predicted across the
membrane, indicating a low membrane resistance, which is most likely as a result of

the high proton conductivity of Nafion® 117.



68

H* Concentration in HSO, Concentration in
a) Membrane (mol m=3) b) Membrane (mol m3)
_ - 3.5
: 3.0
2.5 )
- 3
f-!, 5 2.0 N
> > 15
1.0
[}
05| 2|2
00 N
1.01 . 1 1.01 1.02
x(cm) X(cm)

c) Potential in the Membrane (mV)

35 &
30 5
&
25
T 20
O
= 15 3 ®
1.0 S
05
l
0'01 1.01 1.02

Xx(cm)

Figure 3.7 Distributions of a) hydrogen proton concentration, b) bisulfate concentration, and
c) potential in the membrane during charging at 50% SOC. Data taken from the 45" cycle of
the extended charge/discharge simulation (10 cm? cell, 20 ml min™ electrolyte flow rate, and

50 mA cm™ constant current density).

3.4.2 Vanadium Concentration and Flux

Figure 3.8 shows the concentration distributions and fluxes of V** in the membrane at
50% SOC for the 45" cycle of the charge/discharge simulation. The results indicate
that convection and migration have significant contributions to the total flux across
the membrane. Figure 3.8d shows that convection and migration account for 29% of
the total flux across the membrane during discharging, suggesting that the directions
of these two transport mechanisms may be responsible for a significant decrease
(~80%) in the net flux of V** during charging as compared to discharging. This

behavior can be attributed to the fact that convection and migration occur in the same
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direction as current. For instance, during charging, the net flux is reduced because
convection and migration occur in the opposite direction of diffusion. Consequently,
during discharging, all three transport mechanisms are in the same direction and a

higher rate of crossover is observed.
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Figure 3.8 Concentration distributions (a, ¢) and average fluxes (b, d) of V** in the membrane
during charging (a, b) and discharging (c, d). Data obtained at 50% SOC during the 45" cycle
of the extended charge/discharge simulation (10 cm” cell, 20 ml min" electrolyte flow rate,

and 50 mA cm™ constant current density).

Figure 3.9 shows the concentration distributions and fluxes of VO** in the membrane
at 50% SOC. Similar to V**, Fig. 3.9 also suggest that convection and migration have
a significant impact on the net crossover of VO**. For instance, Fig 3.9b shows that
these two transport mechanisms account for 44% of the total flux across the

membrane during charging. Accordingly, the direction of convection and migration
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can cause a significant decrease (~65%) in the net flux of VO** during discharging as
compared to charging. In fact, when analyzed with the trends observed for the V** flux,
this data suggest that during charging, convection and migration cause a net vanadium
crossover from the ‘+’ to ‘~’ half-cell and vice versa for discharging. As expected,
these trends in flux support the observed changes in vanadium over a single
charge/discharge cycle; such that the total amount of vanadium increases in the ‘-’
half-cell and decreases in the ‘+’ half-cell during charging, and vice versa for

discharging.

3.5 Conclusions

A new mathematical framework for a 2-D, transient, isothermal VRFB model which
incorporates the transport of all charged species (i.e. vanadium ions, protons, and
bisulfate) across the membrane due to convection, diffusion, and migration was
developed. The model accounts for the changes in the membrane potential due to the
species concentrations and the semi-perm-selective nature of the membrane, and
includes variations in the electrolyte volumes as a result of convection across the
membrane. In addition, the model captures the discontinuities in the potential and
species concentrations at the membrane | electrolyte interfaces and incorporates the

effects of side reactions as a result of vanadium crossover.

Based on the input parameters used, the model predictions suggest that the electrode
and electrolyte conductivities determine the location of the reactions, and for this
study, the majority of the reactions is found to occur in the vicinity of the current
collectors due to the lower conductivity of the solid electrode as compared to the

liquid electrolyte. The 45 cycle simulations indicate that the loss in capacity may have



71

a minimal effect on the cell efficiencies and that a net transfer of vanadium from the

¢ b

+’ to ‘-’ half-cell is responsible for the loss in capacity. The analysis of the
mathematical formulation suggests that the predicted trends are highly dependent on
the operating conditions and input parameters (especially flow rates and viscosities)
used in the simulation. Additionally, the ohmic loss is found to be relatively small
across the membrane (~2.5 mV) due to the high proton conductivity of Nafion® 117.
Finally, the predicted trends of vanadium concentration and flux in the membrane
suggest that depending upon the operating conditions, along with diffusion,

convection and migration can significantly impact the rate and direction of crossover

during VRFB operation.

An in-depth study that includes the analysis of different membrane materials and
varying operating conditions is given in the following chapters to better understand
the driving mechanisms responsible for the crossover, capacity loss, and related

performance loss (i.e., efficiencies and power output).
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Chapter 4. Role of Membrane Properties on Capacity Loss and
Performance of a VRFB
This chapter focuses on the influence of membrane properties (i.e., thickness and
chemical properties of the membrane) on the VRFB cell performance. In the first part,
the analysis on the crossover characteristics of proton and anion exchange membranes
is presented. In the second part, the relation between membrane thickness and the
VRFB performance for proton exchange membranes is presented to provide an

understanding of crossover/resistance trade-off in these systems.

4.1 Membrane Type

The objective of this section is to investigate the species transport mechanisms
governing crossover in different types of membrane. More specifically, the
contribution of each transport mechanism to the vanadium transfer across different
types of membrane is analyzed during cycling. This section also demonstrates how
chemical structure of the membrane can be used to mitigate crossover and improve

the long-term performance of a VRFB.

4.1.1 Proton Exchange Membranes (PEMs)

4.1.1.1 Introduction

The rate of species transport across the membrane is primarily governed by the
chemical composition and properties of the membrane. Ideally, the membranes used
in VRFBs should have good chemical stability and mechanical durability for
longevity, high proton conductivity for low ionic resistance and desired
permselectivity for low vanadium crossover and capacity fade [36]. To date, research

on membranes for VRFBs has centered on the development of new materials or
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alteration of commercially available membranes [16-19], which are primarily
designed for other applications such as fuel cells. Significant effort has been placed
on development of proton exchange membranes (PEMs) [60-61], anion exchange
membranes [62-64], nanoporous membranes [65] and amphoteric membranes [17,66]
that are applicable to VRFB operation. While each of these membranes has its own
advantages and disadvantages, PEMs constitute the majority of the separators studied
in the literature because of their well-known characteristics, high proton conductivity

and good chemical stability [8,67].

Among PEMs, Nafion” developed by DuPont in the 1960°s has been widely studied
and tested in VRFB applications due to its good proton conductivity and excellent
chemical stability [68]. One major issue with the use of Nafion® is that it has low
vanadium ion selectivity; as such it suffers from high vanadium permeation which
leads to significant capacity fade with cycling [16]. Another concern with Nafion® is
that it is currently very expensive (~41% of the total cost of a VRFB), which makes
this type of membrane prohibitive for use in grid-scale electrical energy storage
devices, such as VRFBs [22-23,69]. To enhance the ion selectivity of Nafion®,
several surface modification or inorganic doping processes were proposed and
evaluated [20-21]. While these modifications have shown to be effective at reducing
vanadium permeability to some extent, the cost issue associated with the use of
Nafion® still remains a major challenge. As a result, recent efforts have been placed
on investigation of alternative proton exchange membranes that are inexpensive, yet
possess desired performance and durability characteristics required for long-term

VRFB operation.
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Among alternatives to Nafion®, a number of sulfonated aromatic polymers such as
poly(phthalazinone ether)s [70], poly(arylene ether ketone)s [71-73], poly(imide)s
[74] and poly(arylene sulfone)s [75-76] have been studied to explore their
performance and suitability for use in VRFBs. These low-cost aromatic polymers
have been shown to provide reasonable proton conductivity, low vanadium ion
permeability, good oxidative stability and reasonable mechanical stability, which
make them very promising candidates for use in VRFBs [15]. Recently, Hickner and
coworkers [8, 69] functionalized a commercially available polyphenylsulfone resin -
Radel (Solvay Plastics, Alpharetta, GA) - with sulfonic acid groups, and investigated
the performance of the sulfonated Radel membrane (s-Radel) in a VRFB operation [8].
They demonstrated high coulombic efficiency, low capacity fade rate (almost half that
of Nafion® with comparable energy efficiency) and long open circuit voltage retention
time [8]. While s-Radel membranes have been shown to possess superior ion
selectivity, one major issue with this type of membrane is its low proton conductivity
and mechanical durability during VRFB cycling [69]. Increasing the ion exchange
capacity (IEC) of these polymers can easily improve their proton conductivity;
however the increase in IEC often results in an increase in vanadium permeability,
increased water uptake and loss of mechanical integrity of these membranes [77]. To
date, the performance tradeoff between vanadium permeability and ion conductivity
in this class of membranes during device operation is not well understood, and thus
represents a major challenge to the design of new materials of this type. Currently
there is little understanding of the ion transport mechanisms governing species
crossover during device operation and how the transport properties under operational
environments are related with the membrane composition/properties. If the transport

relationships during device operation could be better understood, studies properly
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accounting for these effects could be performed and optimized materials could be

designed.

In this section, the model explained in Chapter 2 was used to investigate and compare
the ion transport mechanisms governing species crossover in Nafion” and s-Radel
membranes to provide insight into the connection between the ion conductivity,
vanadium crossover and battery performance characteristics of these membranes.
Simulations were performed for extended charge/discharge cycles to quantify the
nature of transport mechanisms of vanadium ions in these membranes (such as
relative contribution of diffusion, migration, osmotic convection and electro-osmotic
convection on vanadium crossover) with respect to their compositions/basic
properties, and to link this understanding to the observed performance differences

reported in experimental studies.

4.1.1.2 Simulated Case Studies

Two case studies were conducted to predict the performance of a VRFB: one for
Nafion® 117 and the other one for s-Radel membrane. For both cases, the same
parameters for the electrode and the current collector were used, while the membrane
properties were varied based on the membrane material. The properties for the
Nafion® 117 and s-Radel membrane used in these simulations are listed in Table 4.1.
The properties of Nafion® 117 were obtained from the literature, whereas the key
transport properties of s-Radel, including the conductivity and the vanadium
permeability were taken from a previous study in the literature where these properties

were measured experimentally [8].
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Simulations for Nafion®” and s-Radel were conducted for a cell with a 10 cm® active
area. The model was run to simulate the charging and discharging for 45 cycles at a
current density of 50 mA cm™ with an electrolyte flow rate of 20 ml min™'. The cutoff
voltage for each cycle was set at 1.1 and 1.7 V for discharge and charge, which
corresponds to ~10% and ~95% SOC, respectively. The complete set of operating

conditions used in simulations is provided in Table 4.2.

Table 4.1 Membrane properties and parameters used in the model

Symbol Description Nafion® 117 S-Radel
Lm Membrane thickness (zm) 203 [49] 115

Cr Fixed acid concentration (mol m™) 1432 [49] 2800

K'¢ Electrokinetic permeability (m?) 1.13x 10% 7533 x 102
K, Hydraulic permeability (m?) 158x 10" [50] 527x 107
D V(II) membrane diffusion coefficient (m*s™)*  3.125 x 10" 20x 10"

1

V(III) membrane diffusion coefficient

Dm

-12 -13
)il 593 x 107°[51] 3.80x 10

(m”s™)

V(IV) membrane diffusion coefficient
Dy, 50x10"[51]  321x10"
(m’ ™)

D)’ V(V) membrane diffusion coefficient (m*s™) 1.17 x 10"*[51] 75x10™

DZ+ H* membrane diffusion coefficient (m* s™) 3.35x 107 [47] 2.68 x 107

HSO, membrane diffusion coefficient
m -11 -11
DHSO; 4x 107 [52] 2x10
(m’ ™)

*Fitted parameter
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Table 4.2 Operating conditions and parameters

Symbol Description Value
V Electrolyte volume in half-cell (ml) 25

T Operating temperature (K) 300

I Applied current (mA) 500

A Electrode area (cm?) 10

) Inlet volumetric flow rate (ml min™") 20
y7n Positive electrolyte viscosity (Pa s) 25x10°
ya Negative electrolyte viscosity (Pa s) 12.5x 107
Ci) Initial vanadium concentration (mol m™) 1040
stoi‘ Total sulfate concentration (mol m™) 5040

4.1.1.3 Results and Discussions

4.1.1.3.1 Changes in Amount of Vanadium with Cycling

As a first step to investigate the differences in vanadium transport across these
membranes, % change in the amount of vanadium in each half-cell was analyzed. Fig.
4.1 shows the change in the amount of vanadium in the half-cells at the end of each
cycle for both membranes. It is observed that for both Nafion® and s-Radel, the
amount of vanadium in the positive half-cell increases at the end of each cycle,
indicating that the net vanadium transfer occurs from negative to positive half-cell.
Fig. 4.1 also shows that the amount of net vanadium crossover per cycle through s-
Radel is almost half of that of the Nafion®. This suggests that s-Radel experiences

less imbalance of electrolyte composition between half-cells and there is less
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vanadium transfer from negative to positive half-cell. Therefore, s-Radel retains
higher capacity at the end of each cycle, which agrees with the experimental study by

Kim et al [8].
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Figure 4.1 Predicted % change in amount of vanadium at positive and negative half-cells at

the end of each cycle for Nafion® 117 and s-Radel.

To further investigate the trends in vanadium crossover, the change in the amount of
vanadium in each half-cell during charge and discharge was analyzed separately for
each cycle and a representative analysis for the 10" cycle is shown in Fig 4.2. It is
observed that the net rate of vanadium crossover is greater during “discharging” than
“charging” for both membranes. For instance, at the 10" cycle for Nafion®, the
percentage change in total vanadium between half-cells is found to be ~ 0.15% during
charge and ~ 0.60% during discharge. Similarly, a ~ 0.25% and ~ 0.50% change is
observed for s-Radel during charge and discharge, respectively. Another interesting

observation is that for Nafion®, the net vanadium transfer is found to be always in the
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same direction (i.e., towards the positive half-cell) during charging and discharging,
but changes in magnitude from charge to discharge (i.e., the net vanadium transfer
during discharge is almost twice than that of during charge). On the other hand, the
net vanadium transfer in s-Radel appears to change direction (i.e., towards the
negative half-cell during charging and towards the positive half-cell during discharge).
These different trends in the direction of vanadium transport during charge and
discharge for the two membranes suggests that the vanadium crossover is dominated
by different transport mechanisms in these membranes due to the differences in
material properties, which requires further investigation of contribution of each

transport mode (i.e., diffusion, convection and migration) on vanadium crossover.
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Figure 4.2 Predicted change in vanadium during charge and discharge at both half-cells at the

10™ cycle (a) for Nafion® 117 and (b) for s-Radel membrane.

4.1.1.3.2 Crossover Transport Mechanisms for Each Species

To identify the dominant transport mechanism responsible for vanadium crossover in

Nafion® and s-Radel, the contribution of each transport mode (i.e., diffusion,

convection and migration) to the net vanadium transfer was analyzed for all vanadium

species (i.e., v, Vv v and V5+). Figs. 4.3 and 4.4 show the computed mass

fluxes of V*[V>" (negative half-cell) and V*'|V>" (positive half-cell) through Nafion®

and s-Radel during the 40" cycle. In these figures, positive (+) flux indicates species
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transport towards the positive electrode, and negative (-) flux indicates species

transport towards the negative electrode.
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Figure 4.3 Mass fluxes of vanadium species via convection, diffusion, and migration at 50 %
SOC of 40" cycle during charging and discharging: (a) V** through Nafion® 117, (b) V**
through s-Radel, (¢) V** through Nafion® 117, and (d) V** through s-Radel.
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Trends in Nafion® 117: It is apparent from Figs. 4.3 and 4.4 that diffusion is the

dominating transport mechanism responsible for vanadium crossover in Nafion®”. For
each species, diffusion occurs in the same direction during charge and discharge.
When the magnitudes of the transport modes are compared, diffusion is observed to
be much greater than convection and migration for each species, expect V°, where
convection (in particular, electro-osmotic convection) appears to be the dominant
mode of transport for this particular species. The results shown in Fig. 4.3 and 4.4
also depict that for Nafion®, convection plays a deterministic role regarding the
change in magnitude of crossover between charge and discharge. When the

magnitudes of migration and convection are compared, the migration appears to have
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a minimal effect on the net vanadium crossover, as it has a small magnitude and
changes direction during charge and discharge. On the other hand, convection is
found to occur in the same direction (i.e., always towards positive half-cell) for all
species with a magnitude similar to the diffusive transport during discharge. This
observation implies that convection may have an impact on the direction and the
magnitude of the net crossover in Nafion®, which also explains the observed increase

in net crossover during discharge in Fig. 4.2a.

Trends in s-Radel: When the model predictions are compared in Figs. 4.3 and 4.4, one

key observation is that diffusive crossover is significantly reduced in s-Radel
compared to Nafion” for all vanadium species. This result can be attributed to the
lower vanadium permeability and higher vanadium ion selectivity of s-Radel (see
Table 4.1). Figs 4.3 and 4.4 also show that migration is almost eliminated in s-Radel
membrane for all vanadium species. The suppressed effect of diffusion and migration
suggests that convection is the dominant transport mechanism responsible for
vanadium crossover in s-Radel. Accordingly, the contribution of the convection to the
net crossover is observed to be almost 10 times higher than the contribution of the
diffusion in s-Radel. In addition, convection is observed to change direction during
charge/discharge as opposed to Nafion®, which is found to be always in the same
direction (i.e., towards positive half-cell) regardless of charge or discharge. These
observations suggest that the direction and magnitude of convection in s-Radel has

important implications on the direction and magnitude of net crossover in a cycle.
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4.1.1.3.3 Convective Crossover

The simulation results shown in Fig. 4.3 and 4.4 suggest that convection is an
important mechanism of species transport which affects the direction and magnitude
of crossover for both membrane types. Especially for s-Radel, convection appears to
be the primary mechanism responsible for crossover due to the minimal effect of
diffusion. To further investigate the role of convection for these membranes, the
convective transport mechanisms, including osmotic and electro-osmotic convection
(i.e., electro-osmotic drag), are investigated for these two membrane types. Fig. 4.5
shows the break-down of the convective mass flow rate (i.e., electro-osmotic
convection and osmosis) of the electrolyte at 50% SOC of the 40™ cycle for both s-

Radel and Nafion®.

Trends in Nafion® 117: Fig. 4.5a shows that osmotic convection, which occurs due to

the pressure difference across the membrane, governs the direction and magnitude of
the net convective transport in Nafion®, since the electro-osmotic convection appears
to change direction from charge to discharge while maintaining the same magnitude.
In a previous work by Knehr et al. [78], it was observed that the direction and
magnitude of osmotic convection depended on the electrolyte viscosities in each half-
cell, since the pressure gradient across the membrane is driven by the difference in
electrolyte viscosities between half-cells. These viscosities vary based on the
electrolyte composition and SOC. Since differently charged species exist in the
positive and negative half-cell, it is expected that the electrolytes in the positive and
negative half-cells have different viscosities, which results in species transport across
the membrane due to hydraulic pressure differences under constant flow rate

operation. In the same work [78], it was also observed that the direction of osmotic
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convection will always take place from a high pressure region (more viscous
electrolyte) to a low pressure region (less viscous electrolyte), which also explains the
observed trend of net convective transport towards the positive half-cell in Fig. 4.5a .
In these simulations, a higher viscosity was used for the negative half-cell (based on
the studies in the literature), which results in net convective transport toward positive

half-cell as shown in Fig. 4.5a.
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Figure 4.5 Convective mass flow rates of the electrolyte via osmotic and electro-osmotic
convection at 50 % state of charge of 40" cycle during both charging and discharging through
(a) Nafion® 117, (b) S-Radel.
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Trends in s-Radel: Fig. 4.5b shows that the electro-osmotic convection (i.e., electro-

osmotic drag), which occurs due to the viscous interaction of the charged species in
the membrane, is the dominant mode of convective transport in s-Radel, as it has
much larger magnitude than the osmotic convection. Furthermore, the magnitude of
the osmotic convection in s-Radel is observed to be lower (almost half) than what is
observed for Nafion®. The dominant role of electro-osmotic convection in s-Radel
can be attributed to the difference in number of fixed ions between the two membrane
types. The number of fixed ions is determined by the fixed acid concentration in the
membrane and necessitates the presence of an equal amount of mobile ions to
maintain the electroneutrality. The presence of more mobile ions in the membrane
results in more viscous interactions, which yields more electro-osmotic convective
transport. Although s-Radel has a lower electrokinetic permeability than Nafion®, it
experiences more electro-osmosis because it has a higher IEC (i.e., a higher fixed acid
concentration). In other words, there are more ions in s-Radel causing drag of
vanadium species toward positive or negative electrode depending on the direction of

the current.

The observed dominance of electro-osmotic convection in s-Radel also provides
insight into the difference in the capacity fade between s-Radel and Nafion®. Electro-
osmotic convection occurs always in the direction of the current; therefore it switches
directions during charge and discharge, as shown in Fig. 4.5b. In addition, the
magnitude of the electro-osmotic convection is directly controlled by the amount of
the current drawn in the system. As shown in Figs. 4.3b, 4.3d and 4.4b, 4.4d, the
crossover is found to change direction during charge and discharge for s-Radel. This

reversal in the direction of crossover between charge and discharge results in
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significantly lower “net” crossover for s-Radel as compared to Nafion®. The reversal
in the direction of crossover occurs because of the fact that the convection changes
direction between charging and discharging, which is primarily governed by the
electro-osmotic convection in s-Radel. As such, for a given cycle, during charging
electro-osmotic convection opposes osmosis, but during discharging both electro-
osmotic convection and osmosis occur in the same direction (Fig. 4.5b), which results
in more species crossover during “discharging” and causes the change of the direction
of vanadium crossover between charge and discharge in s-Radel (see Figs. 4.3b, 4.3d

and 4.4b, 4.44d).

4.1.1.4 Crossover, Efficiency, and Mitigation Strategies

Practical VRFB systems require a high energy density and thus high vanadium
concentrations in order to be commercially viable. Unfortunately, these high
vanadium concentrations make diffusion across the membrane unavoidable, which
can be particularly problematic in diffusion-dominated membranes like Nafion®. In a
previous work by Knehr et al. [78], how osmotic convection can be used to mitigate
crossover in Nafion® was demonstrated. This strategy was accomplished by
controlling the flow rate in each half-cell to reduce the pressure gradient across the
membrane, which originates from the differences in the viscosities of the electrolyte
solutions in the half-cells. Under ideal conditions, it is possible to control the flow
rates, and thus the pressure gradient; in such a way that osmotic convection
completely opposes diffusion. This approach is particularly effective for membranes
which are diffusion-dominated, since the transport across these membranes tends to

occur in the same direction during both charging and discharging.
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Conversely, in this study, transport of vanadium in s-Radel was found to be primarily
dominated by electro-osmotic convection; thus the direction of vanadium transport
depends on the direction of the current. The present study demonstrates that this
reversal in the direction of crossover results in significantly reduced capacity fade
during cycling, which is due to the reduced net vanadium crossover during each
individual cycle. Capacity fade could be further reduced by ensuring that the modes
of the convective transport (osmosis and electro-osmotic convection) during charging
and discharging are equal in magnitude. One possible approach to accomplish this
balance would be to vary the magnitude of the applied current density between
charging and discharging based on the electro-osmotic behavior of the membrane in

order to obtain zero net flux of vanadium.

Theoretically, both of these techniques (controlling the pressure gradient or varying
the current density) can be applied based on the membrane of interest to ensure that
the vanadium concentration in each half-cell remains constant during operation. It is
important to note that while these techniques may eliminate capacity-fade due to
concentration imbalances, they do not necessarily minimize losses in coulombic
efficiency due to the crossover of vanadium. Thus, they do not necessarily make the
system more efficient. It is important to note that capacity fade should not be treated
the same as coulombic efficiency. Any time when a vanadium ion crosses the
membrane, it essentially causes a ‘chemical short circuit’, and the stored charge is lost,
which lowers the coulombic efficiency. Conversely, the capacity fade is primarily
affected by imbalances in volume or concentration between the two half-cells at the
end of each cycle. For instance, s-Radel has a lower capacity fade because convection

‘switches direction” between charging and discharging, resulting in “less” net
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crossover during each single cycle. However, at all times during the cycle, vanadium
is still moving to the opposite side of the membrane and causing side reactions, which
will decrease the system’s coulombic efficiency. So, even if the vanadium transport
during charging is exactly equal and in the opposite direction of the transport during
discharging (i.e. capacity fade is zero), the cell will still not have 100% coulombic
efficiency. Therefore, to maximize the coulombic efficiency, the instantaneous
transport of vanadium across the membrane during charging and discharging should
be minimized, which requires further control of the specific transport properties of the

membrane.

4.1.1.4 Conclusion

In this study, species transport mechanisms governing capacity loss in s-Radel and
Nafion® 117 membranes were investigated using an experimentally validated, 2-D,
transient VRFB model, which incorporates the species transport across the membrane
due to migration, diffusion and convection. Model simulations show that species
transport in Nafion® is governed by diffusion, whereas convection is found to be the
dominating transport mechanism responsible for vanadium crossover in s-Radel due
to the lower vanadium permeability of s-Radel. Among the convective transport
modes, transport of vanadium in S-Radel is found to be primarily dominated by
electro-osmotic convection due to the higher fixed acid concentration and
corresponding free moving ions in s-Radel. Furthermore, vanadium crossover in s-
Radel is found to switch direction during charge and discharge due to the change in
direction of convection between charge and discharge. This reversal in the direction
of crossover is found to result in significantly lower “net” crossover for s-Radel when

compared to Nafion®.
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Based on these observed trends, this section highlights two important observations.
First, comparison of these two membranes indicates that the hydraulic and the electro-
kinetic permeability of a membrane are equally as important as vanadium diffusion
characteristics, when evaluating new membranes for VRFB applications. Second, the
results of this study suggest that the lifetime of a VRFB can be extended by
minimizing imbalances of species concentration between half-cells during cycling.
However, this balancing may not necessarily render the system more efficient. Along
with the lifetime, to maximize the coulombic efficiency, the instantaneous transport of
vanadium across the membrane during charge and discharge should be minimized,

which requires further control of the specific transport properties of the membrane.

4.1.2 Anion Exchange Membranes (AEMSs)

As explained in the previous section (Section 4.1), the majority of the current research
on VRFB membranes aims to develop proton exchange membranes (PEMs) that
feature simultaneously high proton conductivity, low vanadium permeability, and
long lifetime. VRFBs with over 99% coulombic efficiency (CE) were obtained by
strategic tuning of the membrane’s chemical structure and properties [77], however,
the capacity fade of these batteries during long term operation can not be ignored
because of vanadium cation crossover through this type of cation exchange membrane.
Nanofiltration membranes that selectively transfer protons compared to vanadium
ions by size exclusion was proposed as a new type of separator for VRFBs and 98%
CE was achieved after optimization [65]. While these membranes have proven their
usefulness for high performance cells, it would be highly desirable to have a minimal

or zero capacity fade devices.
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Anion exchange membranes (AEMs) have been well-understood to be able to block
the transport of cations due to Donnan repulsion effects and were thus widely used in
electrodialysis technologies [79]. Preliminary evaluations of AEMs in VRFB were
reported with CE of as high as around 99%, however, very limited information was
given regarding the operation principle of the AEMs and their detail cell performance
[80-81]. It is generally recognized that protons are the charge-carriers passing through
the separator of VRFBs to balance the anode and cathode charge during operation. In
fact, any ion, such as sulfate in a sulfuric acid-based electrolyte, or chloride in a
hydrochloric acid-based electrolyte, can be the charge carrier to balance the redox
reactions of the vanadium species. For this reason the objective of this section is to
explore the fundamental properties of AEMs as potentially no capacity fade
separators for VRFBs. The recent success in employing an AEM in VRFB to get
100% CE under various current densities were reported. This part of the dissertation
work on AEMs in VRFB was collaborated with Dr. Hickner’s Group at the

Pennsylvania State University.

4.1.2.1 Performance Characteristics of AEMs in VRFBs

4.1.2.1.1 Method of Approach

Quaternary ammonium functionalized poly(fluorenyl ether) (QA-PFE) with an ion
exchange capacity of 2.0 mequiv. g' was synthesized by our collaborators at the
Pennsylvania State University according to the procedure reported in the literature
[82]. The AEM based on QA-PFE was cast from 8 wt.% solution in N,N’-
dimethylacetamide on a glass plate at 80 °C under atmospheric pressure for 24 h. The
AEM was ion-exchanged to the SO, anion form in 1 M Na,SO, solution for 24 h, and

then immersed in deionized water for 24 h three fresh water changes. The AEM
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(thickness of 56 um) was used for performance evaluation in a VRFB device. For

comparison, Nafion® N212 was examined under the same conditions.

Ionic conductivity was measured by two-probe electrochemical impedance
spectroscopy (EIS) using a Solartron 1260A frequency response analyzer [83]. The
VO permeability measurements were conducted in a membrane-separated cell by
filling vanadium solution into one reservoir and vanadium-blank solution into another
reservoir using the standard procedure reported in the literature [77]. VRFB cell
performance measurements were conducted with 100 mL of 1 M VOSO, + 2.5 M
H,SO, solution in the positive electrolyte tank and 50 mL of 1 M VOSO, + 25 M
H,SO, solution in the negative electrolyte tank. The cell configuration was the same
as reported in Section 2.2.2 [84]. The cell was first charged to 1.7 V and discharged to
0.7 V at the current density of 80 mA cm™, and then cycled at this current density for
15 cycles and finally charged-discharged at 60, 40 and 20 mA cm™ with pre-
discharging at the corresponding current density before the final charging-discharging
process. The coulombic efficiency (CE), voltage efficiency (VE) and energy

efficiency (EE) for any galvanostatic charging-discharging process were calculated

from:
CE =4%100% (4.1)
VE = % x100% (4.2)
EE =CEXVE 4.3)

where t, is the discharging time, t. is the charging time, V is the average discharging

voltage, V., is the average charging voltage.
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4.1.2.1.2 Results and Discussion

4.1.2.1.2.1 Operating Principles of AEMs in VRFBs

Generally, AEMs are notorious for their low conductivity compared to PEMs due to
the high mobility of protons compared to other ions in solution. Indeed, the proton
conductivity of N212 at room temperature was found to be 69 mS cm™ while the SO,*
conductivity of the AEM at room temperature was only 5 mS ¢m™. This difference in
ionic conductivity poses a critical challenge to deploy AEMs as alternatives to PEMs
for electrochemical applications. Fortunately, the high concentration of SO, in the
electrolytes of VRFBs mitigates the low conductivity of AEMs due to uptake of free
SO, ions into the membrane. Furthermore, the existence of protons in the anolyte and
catholyte may also help lower the resistance of AEMs. To support these ideas, we
measured the conductivity of N212 and the experimental AEM after equilibration in 1
M VOSO, + 2.5 M H,SO, solution for 24 h. The apparent conductivity of N212 was
44 mS cm’, lower than its proton conductivity in pure water. This difference can be
rationalized by considering that some of the proton sites were occupied by vanadium
ions which had much lower mobility. Also, increased acid concentration has been
observed to decrease the conductivity of solutions and membranes [85-86].
Interestingly, under these conditions the measured conductivity of the AEM had
increased to 20 mS cm™, almost half of the conductivity of N212, making it promising

for practical applications.

The transport properties of vanadium ions through the AEM and N212 were
investigated by measuring their VO** permeability. For N212, the permeation of VO**
could be visually observed by the change of the vanadium deficient solution from

clear to blue within 1 h. The VO permeability of N112 was calculated to be
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3.2 x 10" m* s™, similar to literature values [16]. For the AEM, there was no solution
color change after one month measurement time and also no detectable VO** ion by
UV-vis analysis. This absence of VO crossover indicated that the AEM has
excellent capability to repulse the transport of vanadium ions. Therefore, the AEM in
a VRFB can transport both proton and sulfate ions but retains vanadium ions, as

depicted in Fig. 4.6.
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Anion Exchange Membrane

Figure 4.6 Functions of an AEM in a VRFB.

4.1.2.1.2.2 VRFB Performance under Different Current Densities

The charge-discharge curves of VRFBs assembled with AEM or N212 membranes at
the current density of 20 mA cm™ are shown in Fig. 4.7. The VRFB assembled with
N212 had lower charge voltage than the VRFB assembled with the quaternary
ammonium functionalized poly(fluorenyl ether) AEM. This difference in charge
voltage was attributed to the lower resistance of N212 as discussed above since both
membranes had similar thickness. The average discharge voltage for both the VRFBs
were similar even though the discharge curve of the VRFB assembled with N212 was
slightly lower than the discharge curve of the VRFB assembled with the AEM. Since
N212 had lower resistance, its corresponding VRFB was expected to afford higher

average discharge voltage than the AEM counterpart. Nevertheless, N212 suffered
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from large vanadium permeation resulting in certain amount of short-circuit reactions,

which negatively affected the discharge voltage and thus offset its lower resistance.
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Figure 4.7 Charge-discharge curves of VRFBs at 20 mA c¢cm”. The membranes used in the
VRFBs are indicated in the figure.

The coulombic efficiency (CE) of the VRFB assembled with N212 at this current
density was 81.2%, similar to literature values [87]. Surprisingly, the CE of the VRFB
assembled with the AEM was 100%, or as near to 100 % as we could measure,
suggesting there was no vanadium crossover or side reactions during cell operation.
Generally, the CE of a VRFB is influenced by vanadium permeation, electrode
corrosion, and side reactions of vanadium ions with oxygen or other solution
contaminants. For this experiment, the upper limit of charging voltage was kept to 1.7
V, which has been shown to avoid corrosion of the electrodes [88]. Furthermore,
electrolyte tank was sealed and purged with inert N, gas carefully to eliminate side

reactions of vanadium ions. Together with the undetectable vanadium permeation of
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the AEM, it is reasonable to achieve 100% CE, which paves the way for very high

efficiency VRFBs under a wide range of conditions, even during long periods of test.
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Figure 4.8 Coulombic efficiency (CE), voltage efficiency (VE) and energy efficiency (EE) of
VRFBs at various current densities. The membranes used in the VRFBs are indicated in the

figure.

The influence of current density on coulombic efficiency (CE), voltage efficiency
(VE) and energy efficiency (EE) of the VRFBs are shown in Fig. 4.8. It can be seen
that the VRFB assembled with AEM achieved 100% CE for all the current densities
tested. The CE of the VRFB assembled with N212 increased with increasing current

density, which was due to the decreased time allowed for vanadium permeation. The
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VE of both the VRFBs decreased with the increasing current density because of the
higher ohmic polarization at higher current densities. The VRFB with the N212
separator had a more pronounced advantage in VE with increasing current density as
compared to the VRFB assembled with AEM, suggesting a larger influence of
membrane resistance at higher current densities, as expected. The EE of the VRFB
assembled with the AEM decreased monotonically from 20 mA cm™ to 80 mA cm™
due to the decreasing VE, while the EE of the VRFB assembled with N212 exhibited
a peak value at 40 mA cm™ which was the combination effect of its CE and VE. It is
worthwhile to mention that the VRFB assembled with the AEM had higher energy
efficiency than the VRFB assembled with N212 at current densities lower than 60 mA

cm”, making it highly desirable for medium/low current density VRFB developments.

4.1.2.1.2.3 VRFB Cycling Performance

Capacity change and CE change versus cycle number were investigated in VRFB
cycling tests, Fig. 4.9. Capacity fade of the VRFB assembled with N212 was observed,
while the VRFB assembled with the AEM showed no measureable capacity fade. This
observation correlated well with no vanadium crossover or no self-discharge in the
VRFB assembled with the AEM and was in good agreement with the 100% CE of the
battery. The absence of capacity fade guaranteed maintenance-free operation of the
VREFB, which has not been met so far in other separator work. The CEs of the VRFBs
were very stable during the cycling, Fig. 4.9. This phenomenon is typical in flow

battery systems as long as there is no materials damage during device operation.
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test. The membranes used in the VRFBs are indicated in the figure.

4.1.2.1.3 Conclusions

A quaternary ammonium functionalized poly(fluorenyl ether) AEM has been applied
successfully as a separator in VRFB devices. The AEM had low intrinsic anionic
conductivity, but upon soaking in VRFB electrolyte solution achieved almost half the
conductivity of N212 under the conditions encountered in a flow cell. Furthermore,
the VO** permeation of the AEM was undetectable over the course of a month while
vanadium ion permeation of N212 was observed within 1 h and verified using UV-vis

measurements. Moderate ion conductivity and extremely low vanadium ion
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permeability qualified the AEM for device testing in a VRFB which was then
characterized by charge-discharge and cycling performance. It was found that the
VRFB assembled with this AEM achieved 100% coulombic efficiency at all the
current densities tested which has not been reported previously. The energy efficiency
of this VRFB was higher than that of a VRFB assembled with N212 when the current
density was lower than 60 mA cm™. Capacity fade was observed for the VRFB

assembled with N212 while it was absent for the VRFB assembled with AEM.

4.1.2.2 Effects of Ion Exchange Capacity of AEMs on VRFB Performance

In the second part of the AEM study, the effect of ion exchange capacity on single-
cycle and long-term performance of VRFB is investigated using the AEMs with three

different ion exchange capacities (IECs).

4.1.2.2.1 Introduction

AEMs contain tethered positively charged groups such as quaternary ammonium or
pyridinium that can repulse vanadium cations, a membrane phenomenon known as,
Donnan exclusion, resulting in extremely low vanadium cation permeation [62,89].
The sulfate anion (in the case of H,SO,-based electrolytes) or other anion in the
electrolyte of the VRFB is the major charge carrier in this case, while the proton can
be a minority charge carrier due to imperfect Donnan exclusion of the membrane [90-
91]. The concept of using the electrostatic repulsion or Donnan repulsion to block the
crossover of vanadium ions can also be found in polycation-polyanion layer-by-layer
composites [51] or amphoteric membranes [92], where much higher coulombic
efficiency and much lower self-discharge rate were obtained as compared to VRFBs

employing Nafion® separators. While high-exclusion membranes have been
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demonstrated in VRFBs recently, detailed information on the influence of the
membrane composition and transport properties of AEMs and their relationship with

the cell performance still needs to be sought to optimize these separator systems.

The vanadium crossover through the membrane in a VRFB is extraordinarily
important as vanadium contaminants of the wrong valence in the anolyte or catholyte
will accumulate during prolonged charge-discharge cycling. Therefore, low vanadium
permeability AEMs appear to be one of the most promising candidates for use as ion-
exchange separators in VRFBs. In order to develop high performance membranes for
VRFBs, herein, quaternary ammonium randomly functionalized poly(arylene ether
sulfone)s (Radel®) with IECs from 1.7 to 2.4 mequiv g' were synthesized and the
membranes were examined for their fundamental physicochemical properties as well

as their detailed VRFB performance.

4.1.2.2.1 Method of Approach

4.1.2.2.1.1 Membrane Preparation

All membranes used in this section were synthesized by our collaborators at the Penn
State University. For the sake of the readers a brief explanation about membrane
preparation is given. The quaternary ammonium functionalized Radel samples were
dissolved in N,N’-dimethylacetamide solution at approximately 8 wt./vol.% and then
cast onto glass plates and dried at 80 °C under atmosphere pressure for 24 h. The cast
membranes were then peeled from the glass plate and immersed in 1 L of 1 M Na,SO,
solution for 24 h, followed by immersion in deionized water for 24 h with three DI

water changes. The membranes were stored in deionized water until use.
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4.1.2.2.1.2 Membrane Characterization

Membrane Characterization: The water uptake of the membranes was defined as

weight ratio of the absorbed water to that of the dry membrane. The swelling ratio
was described as the linear expansion ratio of the hydrated membrane compared to its
dry state. Ionic conductivity was measured by two-probe electrochemical impedance
spectroscopy (EIS) using a Solartron 1260A frequency response analyzer [83].
Samples were equilibrated in a large excess of 1.4 M VOSO, + 2.0 M H,SO, solution
for 24 h before the impedance measurement. The VO permeability measurements
were conducted in a membrane-separated cell by filling vanadium solution into one
reservoir and vanadium-blank ionic solution of the equivalent ionic strength to the
vanadium solution into another reservoir using the standard procedure reported in the
literature [77]. The amount of the vanadium permeated was detected by UV-vis

spectroscopy using a Shimadzu spectrophotometer (UV-2600/2700).

Cell Performance: The VRFB setup, the starting electrolyte concentration and

charge/discharge procedure were the same as reported in Section 4.1.2.1.1 [84,93].
Similarly, nitrogen was purged to the electrolyte tanks to protect the vanadium species
from oxidation. For polarization curve measurements, the current was scanned with
the lower limit voltage of 0.2 V to determine the end of the polarization curve. The
VRFBs were first fully charged at 80 mA cm®, then the discharge current was
scanned from 0 A to 700 mA c¢cm™ with steps of 10 mA cm™. The hold time at each
step was 30 s. The cell potential after 30 s was recorded and plotted against current

density.
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4.1.2.2.2 Results and Discussion

4.1.2.2.2.1 Membrane Synthesis and Properties

Membranes with thicknesses in the range of 55-60 um were obtained by solution
casting. The basic membrane properties are listed in Table 4.3. The water uptake and
swelling ratio increased monotonically with increasing IEC. These increases were
attributed to the higher degree of hydrophilicity of the samples with greater IEC. The
ionic conductivity of the samples increased as well with the increase in IEC. It was
worthwhile to point out that the QA-Radel-2.4 sample showed much higher water
uptake and swelling ratio than the other two IEC samples, while its conductivity only
showed a small increase. Thus, pushing the IEC to higher levels is not necessarily
desirable as poor mechanical properties and large crossover can result due to the
increased swelling. In membrane VO permeability measurements, Table 4.3, the
QA-Radel-2.4 sample exhibited large values similar to Nafion® (3.2 x 10> m* s),
which is not optimal due to severe self-discharge during cell operation.'”” The VO**
permeability of the QA-Radel-2.0 membrane was more than one order of magnitude
lower than that of the QA-Radel-2.4 sample. VO permeation across the QA-Radel-
1.7 membrane was not detected during a one-week permeation experiment. The
promisingly low vanadium permeability of the QA-Radel-2.0 and QA-Radel-1.7
samples was likely due to the Donnan exclusion of vanadium cations by the positively
charged quaternary ammonium groups in the membrane. The large swelling of the
QA-Radel-2.4 decreased the ionic concentration in the sample and lowered the
effective Donnan potential. By taking into account the gravimetric IEC and the water
swelling and density of the membranes, the calculated ion concentrations in the

samples were 1.7 mequiv. cm”, 1.8 mequiv. cm™ and 1.5 mequiv. cm” for QA-Radel-
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1.7, QA-Radel-2.0 and QA-Radel-2 .4, respectively, which supports a lower Donnan

potential in the QA-Radel-2.4 sample.

Table 4.3 Physical properties of QA-Radel membranes and Nafion® N212.

2+
Sample Water Swelling Conductivity ern\llelebilit
P uptake (%) ratio (%) (mS cm™) P 2 d
(m”s™)
QA- 16 7 24 -
Radel-1.7
QA- 14
. 0
Radel-2.0 29 12 A 7l
QA- 12
4 2. 10
Radel-2.4 73 23 ? 0
N212 28 14 69 32x 10"

4.1.2.2.2.2 Cell Performance

The charge-discharge curves of the VRFBs assembled with different IEC QA-Radel
membranes for a range of current densities are shown in Fig. 4.10. The cell assembled
with the QA-Radel-2.4 membrane had the shortest charge and discharge times among
the three VRFB membranes tested, while the VRFB assembled with the QA-Radel-
2.0 membrane had the longest charge and discharge times. The charge/discharge
times under any given current density dictates the available charge/discharge
capacities. For the VRFB assembled with the QA-Radel-2.4 membrane, the high VO*
permeability of the membrane lead to significant crossover of the vanadium
electrolytes, resulting in the lowest charge/discharge capacity of the cells tested. For
the VRFB assembled with the QA-Radel-1.7 membrane, the low VO** permeation of
the membrane was associated with the lowest ionic conductivity among the three QA-
Radels, causing the highest ohmic polarization of the batteries and therefore the

lowest utilization efficiency of the active vanadium electrolyte species. The
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combination of the low VO permeability and low ionic conductivity of QA-Radel-
1.7 rendered a battery with intermediate charge and discharge capacities compared to
the other two membrane samples. The QA-Radel-2.0 membrane turned out to be the
best membrane in this study for the VRFB application, suggesting that there was an
optimal relationship between VO** permeability and ionic conductivity for the AEM
samples in VRFBs. It can also be seen in Fig. 4.10 that with increasing current density,
the charge voltage increased while the discharge voltage decreased for all the VRFBs.
This difference was attributed to the higher ohmic polarization of the batteries at
higher current density. The charge/discharge times decreased as the current density

was raised, as expected due to the fixed amount of electrolyte in the cell.
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Figure 4.10 Charge-discharge curves of the VRFBs assembled with different QA-Radel
membranes at 20 mA c¢cm™ (a), 40 mA cm™ (b), 60 mA cm™ (c) and 80 mA cm? (d). The

numbers in the figures represent the IECs of the membranes.
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The coulombic efficiencies (CEs) of the VRFBs at different current densities are
shown in Fig. 4.11. It can be seen that the VRFB assembled with the QA-Radel-1.7
membrane had the highest CEs while the VRFB assembled with the QA-Radel-2.4
membrane had the lowest CEs under all the current densities, in good agreement with
the VO** permeability results. CE describes the efficiency of round-trip storage and
release of electrons from the cell redox reactions. The vanadium ion crossover and
unwanted side reactions, such as electrode corrosion that consumes electrons or ions,
may cause coulombic losses. Since the VRFBs tested were of identical construction
except the IECs of the membrane separators, the possible side reactions during
charge/discharge processes should be similar for all experiments in this study.
Therefore, the ion crossover became the dominant factor that determining the relative
CEs of the VRFBs. This explains why the CE decreased with the increasing VO**
permeability of the membranes used in the VRFBs. With an increase in current
density, the CEs increased monotonically. This increase in CE was attributed to the
shorter time for vanadium crossover at higher current density during the
charge/discharge processes since the cycle time was significantly decreased. The CE
of the VRFB assembled with the QA-Radel-1.7 membrane at 80 mA ¢cm™ was nearly
100%, similar to results reported in Section 4.1.2.1, partially fluorinated AEM
exhibits extremely low vanadium crossover [59]. This result suggested that the
possible side reactions such as V> oxidation of the polymeric membrane or the
carbon-based electrodes were minimal under the operational conditions of the cells in
this work and the losses approached the instrumental error from small fluctuations of

the applied currents during the galvanostatic charge/discharge processes.
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Figure 4.11 Coulombic efficiencies of the VRFBs as a function of current density.

The voltage efficiencies (VEs) of the VRFBs at different current densities are shown
in Fig. 4.12. The VE increased with increasing IEC of the membrane used in the
VREFB over all current densities tested, consistent with the membranes’ trend in ionic
conductivity. Therefore, increasing the IEC of the membrane was advantageous for
the VE of the VRFBs while it was detrimental to the CE of the batteries. A further
increase of the IEC beyond 2.4 mequiv g' may result in reduced VE due to large
crossover voltage loss, which was not addressed in this study [90]. With the increase
in current density, the VE for all the VRFBs decreased gradually due to the increasing
ohmic polarization loss of the cells. It can be seen in Fig. 4.12 that the VE difference
for the three VRFBs was only a few percent, while the ionic conductivity of the QA-
Radel membranes varied by more than two times. This result suggested that the
resistance of the membrane was not the main contribution to the total resistance of the

cells in this study.
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Figure 4.12 Voltage efficiency of the VRFBs as a function of current density.

The product of CE and VE is energy efficiency (EE), which is used to describe the
ratio of the output and input energy of the cell. Self-discharge (vanadium crossover),
side reactions and polarization are the main sources of energy loss in VRFBs [16].
From Fig. 4.13 it can be seen that the VRFB assembled with the QA-Radel-2.4
membrane had the lowest EE at all the current densities tested. The VRFB assembled
with the QA-Radel-1.7 membrane had the highest EE at low current densities (20 mA
cm? and 40 mA cm™) while the VRFB assembled with the QA-Radel-2.0 membrane
had the highest EE at high current densities (60 mA cm™ and 80 mA cm™). Therefore,
membranes with high VO** permeability such as QA-Radel-2.4 are not suitable for
VRFBs; membranes with low VO** permeability and low ionic conductivity such as
QA-Radel-1.7 are promising for VRFBs operated at low current densities; and
membranes with low VO?® permeability and high ionic conductivity such as QA-
Radel-2.0 are promising for VRFBs operated at high current densities. From Fig. 4.13
it can also be observed that the EE was highly dependent on the working current

density. The EEs of all the three VRFBs decreased gradually as the current density
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was increase from 20 mA cm™ to 80 mA cm™. These EEs were higher than the
reported EEs of VRFBs based on proton exchange membranes [19,94], and

comparable to the EEs of the VRFBs based on the other AEMs [92].
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Figure 4.13 Energy efficiencies of the VRFBs as a function of current density.

The influence of the membrane IEC on the cycling performance of the VRFBs was
investigated. As shown in Fig. 4.14, the initial capacities of the VRFBs varied due to
the different charge/discharge times at the same current density in Fig. 4.10, which
also gave a different utilization rate of the vanadium species or charge depth of the
batteries. During cycling, the capacity of the VRFB assembled with the QA-Radel-1.7
membrane exhibited the lowest decline in capacity while the capacity of the VRFB
assembled with QA-Radel-2.4 decayed most rapidly, as is consistent with the CE of
the single cell performance where the VRFB assembled with the QA-Radel-1.7
membrane had the highest CE while the VRFB assembled with QA-Radel-2.4 had the
lowest CE. The IEC of the QA-Radel samples influenced the VO** permeability of the
membranes, which was reflected in the CE of the VRFBs in the cell output

performance and on the capacity fade of the VRFBs in cell cycling tests. In the
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normalized capacities of the VRFBs during cycling tests, Fig. 4.15, it is clear that the
rate of capacity fade increased with increasing membrane IEC. After 15 cycles, the
capacity of the VRFB assembled with a QA-Radel-2.4 membrane maintained 72.7%
of its initial capacity while the capacity of the VRFB assembled with QA-Radel-1.7
maintained 98.3% of its initial capacity. Therefore, careful control of the membrane

IEC was critically important for cycling cell performance.
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Figure 4.14 Cycling capacities of the VRFBs as a function of cycle number at 80 mA cm™.
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Figure 4.15 Normalized cycling capacities of the VRFBs as a function of cycle number
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The polarization curves of the VRFBs assembled with the QA —Radel samples are
shown in Fig. 4.16, with the polarization curve of the VRFB assembled with Nafion®
N212 membrane for comparison. It can be seen that the voltage of the VRFB
assembled with the QA-Radel-2.4 membrane showed slightly poorer performance
than the VRFB assembled with N212. The voltage of the VRFB assembled with the
QA-Radel-1.7 membrane maintained higher current density than that of the VRFB
with a N212 separator, while the voltage of the VRFB with the QA-Radel-2.0
membrane displayed the highest current density (420 mA cm?). The discharge

1%

ohm

AV,

Ccross?

voltage of the VRFB can be represented as V= E — AV,

act

—av,

rans

where E is the theoretical open circuit voltage of the cell, AV,

act

is the voltage loss

caused by activation, AV,

ohm

is the voltage loss caused by ohmic loss (or iR loss where

i is current and R is resistance), AV,

rans

is the voltage loss caused by mass transport

and AV

Cross

is the voltage loss caused by electrolyte crossover. The properties of the

and AV

Cross

membrane have a direct impact on the terms of AV,

ohm

though membrane
resistance and VO crossover, respectively. Therefore, the QA-Radel-2.0 sample had
the best balance of properties for high current density operations. The highest power
density achieved for these VRFBs was 218 mW cm?, which was obtained at the
current density of 270 mA cm” using QA-Radel-2.0 membrane. While this
performance was lower than the highest reported power density of the VRFB using
IEC- and thickness-optimized proton exchange membrane in the literature [93], this
result still was higher than the maximum power density of the VRFB assembled with
N212 and demonstrated good prospects for employing anion exchange membranes in

VREFBs.
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Figure 4.16 Polarization curves and power densities of the VRFBs as a function of current

density.

4.1.2.2.3 Conclusions

Quaternary ammonium functionalized Radel® (QA-Radel) membranes with three
different IECs of 1.7, 2.0 and 2.4 mequiv. g"' were synthesized and evaluated in the
VRFBs. The ionic conductivity of QA-Radel samples after equilibration in 1.4 M
VOSO, + 2.0 M H,SO, solution was of the same order as that of an electrolyte-
equilibrated Nafion® N212 membrane, while the VO** permeability of the QA-Radel
samples was significantly lower than that of N212 except the QA-Radel with an IEC
of 2.4 mequiv. g'. Increasing the IEC of the QA-Radel samples increased both the
ionic conductivity and the VO permeability of the membranes. The ionic
conductivity of the membranes influenced the voltage efficiency of the battery while
the VO permeability of the membranes affected the coulombic efficiency of the cells.
It was found that the VRFB assembled with the QA-Radel-1.7 membrane had the
highest energy efficiency at 20 mA cm™ and 40 mA cm™ charge/discharge current
densities, while the VRFB assembled with the QA-Radel-2.0 separator had the

highest energy efficiency at 60 mA cm™ and 80 mA cm™. The VRFB assembled with
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the QA-Radel-2.4 membrane exhibited the lowest energy efficiency at all the current
densities tested, because of the highest VO** permeability of the sample. Increasing
the membrane IEC also resulted in faster capacity fade during cell cycling tests. Due
to the best balanced ionic conductivity and VO** permeability of QA-Radel-2.0, the
VRFB with this membrane showed the highest power density of 218 mW cm™, higher

than the maximum power density of the VRFB assembled with N212.

4.2 Membrane Thickness

4.2.1 Introduction

The proton conductivity (0) and vanadium permeability (P, the product of the
diffusion coefficient of vanadium in the membrane, D, and the species partition
coefficient from the solution phase into the membrane phase, H) are two of the most
important parameters for the operation of PEMs in VRFBs [77,96]. The o can be
converted to membrane resistance, R, through R = L/0A (L is thickness and A is the
area for ion conduction), while P can be converted to crossover flux, N, through N = —
PAC/L (AC is the vanadium concentration difference of the electrolytes). The
membrane resistance determines the VE while the vanadium crossover flux dictates
the CE of the operating device. There is a tradeoff between these two fundamental
material properties with thickness, through which the cell performance can be
optimized for different baseline membrane properties. Generally, proper tailoring of
the ion exchange capacity (IEC) of PEMs is the first and the most important step
towards balanced proton conductivity and vanadium permeability after the backbone
of the separator material is selected [77,97]. Further modifications such as hybridizing
or blending with other desirable components like inorganic fillers can lead to better

selectivity properties [87,94,98] and the thickness optimization observations in this
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work should be generally applicable to the use of many different types of ion

exchange membranes in VRFBs.

In addition to chemical composition and properties, the thickness of the membrane
has direct implications on the cell performance and longevity. For instance, the
thickness of the membrane affects the amount of undesired species crossover during
charging/discharging, which governs the capacity loss/fade and thus the long-term
performance of VRFBs. Recent work has shown that species crossover in a VRFB
occurs as a result of three transport mechanisms in the membrane, namely; convection,
diffusion, and migration [78]. Along with the polymer backbone type and electrolyte
chemistry, the rate and relative importance of these species transport mechanisms in
the membrane is also reported to be highly dependent upon the thickness of the
membrane [78]. Thickness controls the ion transport resistance and alters the
magnitude of the driving forces governing the species transport during VRFB
operation. In particular, the rate of the osmotic convection and diffusion was shown to
be highly sensitive to the membrane thickness [78,84].

In addition to capacity loss, the thickness of the membrane also plays a key role in the
cell ohmic resistance and membrane mechanical properties such as compressibility
and osmotic stability. While the mechanical strength of the membranes is enhanced
with thickness, the VE of the overall system is diminished because of the increased
ohmic resistance. Furthermore, the CE of the system is observed to increase with a
thicker membrane due to the lower amount of vanadium species crossover. Therefore,
the thickness of the membranes can simultaneously influence the CE and VE of flow
batteries through membrane resistance and electrolyte crossover, similar to the role of

membrane IEC or changes in intrinsic membrane properties during
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blending/hybridization. Despite its importance, few systematic studies have been
performed to understand the role of membrane thickness on the cell performance and
assess the importance of optimizing the membrane thickness for a given set of VRFB
operational conditions. Herein, the effort on the investigation of the influence of
membrane thickness on VRFB cell performance using an IEC-optimized ionomer is

reported.

4.2.2 Method of Approach

4.2.2.1 Materials

Fluorinated sulfonated poly(arylene ether) (SFPAE) with an IEC of 1.8 mequiv. g,
room temperature proton conductivity of 61 mS ¢m™ and VO," permeability of 7 x
10" m® s' was synthesized by our collaborators at the Pennsylvania University
according to the previous reports in the literature [77]. Membranes with three
difference thicknesses (28 um, 45 pum and 80 um) were obtained by casting different
amounts of 8 wt.% SFPAE solution in N,N’-dimethylacetamide onto glass plates
followed by drying at 80 °C for 24 h. All reagents were purchased from common

commercial suppliers and used as received.

4.2.2.2 VRFB Construction

A VREFB cell was constructed as described in Sections 2.2.2 and 4.1.2.1.1 [59,81,90].

4.2.2.3 Electrochemical Measurements
All electrochemical measurements were conducted using a custom-designed fully
automated redox flow battery testing system as described in Section 2.2.2. For

charge/discharge experiments, a constant current program was used with an upper
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limit voltage of 1.7 V and a lower limit voltage of 0.7 V to determine the end of the
charge/discharge processes under each current density studied. For polarization curve
measurements, the current was scanned with the lower limit voltage of 0.2 V to
determine the end of the polarization curve. The VRFBs were first fully charged at 80
mA cm?, then the discharge current was scanned from 0 A to 700 mA cm™ with steps
of 10 mA cm™. The hold time at each step was 30 s. The voltage after 30 s was

recorded and plotted against current density.

4.2.3 Results and Discussion

4.2 .3.1 Charge/Discharge Behavior

The charge/discharge behavior of a VRFB is usually quantified as the voltage change
of the cell as a function of charge/discharge time. When charging a VRFB, the
voltage increases gradually with time until the concentration of uncharged species is
too low to support the charging rate and then a sudden increase in the charge voltage
occurs. This point is generally considered as the end point of the charging process.
Similarly, when discharging a VRFB, the voltage decreases gradually with discharge
time until the concentration of the charged species becomes insufficient to afford the
discharging rate and then a sudden decrease in the discharge voltage occurs, which is

taken as the end point of the discharging process.

The charge/discharge curves of VRFBs assembled with different thickness SFPAE
membranes (28 um, 45 pm and 80 wm) are shown in Fig. 4.17. It was observed that
the difference between charge and discharge voltage of the VRFBs assembled with
different thickness membranes increased with increasing current density. This

observation can be explained by analyzing the ohmic losses of the cells with the
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different thickness membrane samples. The discharge voltage of a cell can be

AV,

Cross?

represented as V,, = E, — AV,

act AVO - AVZ

rans

where E, is the theoretical

hm

open circuit voltage of the cell, AV,

act

is the voltage loss caused by activation, AV, is
the voltage loss caused by ohmic loss (or /R loss where I is current and R is

resistance), AV, is the voltage loss caused by mass transport and AV, is the

rans Cross

voltage loss caused by electrolyte crossover. Similarly, the charge voltage of a cell

- A4V,

cross*

can be calculated as V_, = E, + AV,

e + AV + AV, Both the charge and

discharge voltages are influenced by the ohmic loss, which increases with increasing
current density and membrane resistance. In this case, the conductivity of SFPAE
membrane equilibrated in the electrolyte was 35 mS ¢cm™ at room temperature, lower
than the pure proton conductivity of the membrane immersed in deionized water [62].
Therefore, the resistances of 28 um, 45 um and 80 um SFPAE membranes with an
active cell area of 10 cm” were 8 mQ, 13 mQ and 23 mQ, respectively. Accordingly,
the calculated ohmic losses for these membranes at 20 mA ¢cm™ were found to be 1.6
mV, 2.6 mV and 4.6 mV, respectively. When the current density was increased to 80

mA cm, the ohmic losses for these tested membranes were increased to 6.4 mV, 10.4

mV and 18.4 mV, respectively.
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Figure 4.17 Charge/discharge curves of VRFBs assembled with different thickness
membranes at (a) 20 mA cm; (b) 40 mA cm™; (c) 60 mA cm™ and (d) 80 mA cm™.

Since E, AV

act

and AV

trans

are presumably the same for all the membranes, the
difference of V, and V,, for VRFBs assembled with different membranes can only

arise from (4v,, — 4v,,) and (— A4V, — AV

Cross

) for charge and discharge,

respectively. The AV, decreases with increasing membrane thickness because of the

lower amount of electrolyte crossover for a thicker membrane, while AV, ,,, increases
with increasing thickness because of the higher resistance for the thicker membrane.
The combined effects of these two factors complicates the determination of the link

between V,, and V, for the tested membranes, therefore, no obvious trend of V_, and

Vs was observed with the variation of membrane thickness at a given current density.
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The trends of V, and V,, with the variation of current density are displayed in Fig.
4.17. The V, increased with increasing current density, while V, decreased with an

increase in the current density. It is anticipated that the AV, decreased with

increasing current density (since the undesired species crossover is significantly
reduced under high current due to the increased electrolyte consumption [78,84]), and

the AV ,,, increased with increasing current density through AV, ,, = IR. However, the

combination of AV, ,,, and AV,

Cross

has direct implication on the relationship between V_,
V. and current density, suggesting that the change of AV, was much more

significant than the change of AV,

Cross

as a function of current density. This observation
agrees well with the findings in published experimental data [77] and recent modeling
work [99], which was aimed at the comparison of ion transport mechanisms
governing species crossover for Nafion® and S-Radel membranes. A thorough
analysis of species transport mechanisms in these two membrane types indicated that
the species crossover through the membrane was significantly reduced for S-Radel
sulfonated aromatic type membranes when compared to Nafion® due to the competing
effects of electro-osmotic convection and diffusion during charging/discharging [99].
Accordingly, it is anticipated that significantly lower flux of vanadium species
(A4v,,,.,) across the tested SFPAE membranes (that have similar properties to S-Radel)
had minimal influence on V, and V,, which can also be observed in these

experiments.

The charge and discharge times for the VRFBs assembled with different thickness
membranes increased as the membrane thickness increased from 28 pum to 45 um to
80 um at 20 mA cm™ and 40 mA cm?, Fig. 4.17. At higher current densities of 60

mA cm” and 80 mA cm?, the charge and discharge times increased for the
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membranes in the thickness order of 28 um, 80 um and 45 um, as shown in Fig. 4.17.
The longer charge/discharge time for thicker membranes could be attributed to the
lower amount of vanadium crossover for the thicker membrane which yields very low
capacity fade in the device. However, at high current densities, the VRFB assembled
with the 45 um membrane was observed to have the longest charge/discharge time.
This difference in charge/discharge time for different membrane thicknesses can be
attributed to the fact that the terminal point of the galvanostatic charging/discharging
process is usually determined by a preset voltage value, which is influenced by the
ohmic resistance of the membrane. At high current densities, the VRFB assembled
with the 80 pm membrane cannot charge and discharge as completely as the VRFB
assembled with the 45 um membrane with the same voltage limit due to the higher
ohmic resistance of the 80 um membrane. In these tests, the end of the charge process
was set to 1.7 V because electrode corrosion by VO," was observed when the cell
voltage exceeded this limit [38,88,100]. On the other hand, the charge/discharge time

decreased with increasing current density for each membrane, as expected.

The charge depths of the VRFBs as a function of membrane thickness at various
current densities are shown in Fig. 4.18. The charge depth herein is defined as the
ratio of the measured charge capacity to 100% charge capacity based on the
electrolyte concentration and volume. This measure can provide additional
information about the electrolyte species utilization efficiency as a function of the
charge/discharge time or charge capacity. As shown in Fig. 4.18, the charge depth
was observed to vary significantly with the membrane thickness and the current
density. For example, the charge depth of the VRFB assembled with a 28 um

membrane at 20 mA cm™ was 80% while that of the VRFB assembled with an 80 pm



120

membrane at the same current density was found to be 92%. These results indicate
that even for the same electrolyte composition and cell construction, the effective cell
capacity is highly dependent on the operating conditions and the membrane thickness,

which need careful attention for designing optimized VRFB systems.
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Figure 4.18 Charge depth of the VRFBs as a function of membrane thickness at various

current densities.

4.2.3.2 Coulombic, Voltage and Energy Efficiency

The coulombic efficiency (CE), voltage efficiency (VE) and energy efficiency (EE)
are the most common performance metrics of VRFBs that can be derived from the
charge/discharge curves [38]. The CE describes how well electrons are transferred
into and out of the system and can be used to track side reactions or other faradaic
losses. During normal operation of a VRFB, the CE is likely only limited by the
electrolyte crossover (vanadium permeation) because ~100% CE can be achieved
using an AEM with extremely low vanadium permeability [62]. From Fig. 4.19, it can
be seen that the CE increased with increasing membrane thickness and current density,

which can be attributed to the reduced electrolyte crossover due to both the
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suppressed convective/diffusive species transport for thicker membranes and the

increased electrolyte consumption with increasing current density [78,84].
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Figure 4.19 Coulombic efficiency of the VRFBs as a function of membrane thickness at

various current densities.

The VE describes losses through both overpotential and electrolyte crossover. It can
be seen from Fig. 4.20 that the VE decreased with increasing current density due to
larger ohmic losses at higher current densities. Similarly, it is expected that the VE
decreases with increasing membrane thickness due to the higher resistance of thicker
membranes. However, the VRFB assembled with the 28 pwm membrane did not
always show the highest VE over the range of tested current densities. This
observation can be attributed to the combined effects of ohmic loss and crossover as
discussed previously. Because the 28 wm membrane is very thin and would be prone
to high vanadium flux, crossover losses may have negatively impacted the cell
performance and mitigated the positive effect of reduced resistance of this sample.

The EEs of the VRFBs assembled with different thickness membranes are also shown
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in Fig. 4.21. As the product of CE and VE, EE reveals the overall efficiency of the
VREFB. It can be seen in Fig. 421 that the VRFB assembled with the 45 pum
membrane exhibited the highest EE among the membranes studied, suggesting that
the 45 um SFPAE membrane possessed the best compromise between ohmic
resistance and crossover for the intrinsic ion conductivity and vanadium permeability

of this material.
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Figure 4.20 Voltage efficiency of the VRFBs as a function of membrane thickness at various

current densities.

95 4 — 00000
/ -
_ o
s o —0T—
> J
2 ‘\
é 85| A/ A
D v
5 804 —m—20 mA cm’ v
v —0— 40 mA cm?
—A— 60 mA cm?
754 —v— 80 mA cm’
20 40 60 80

Thickness (um)

Figure 4.21 Energy efficiency of the VRFBs as a function of membrane thickness at various

current densities.



123

4.2.3.3 Polarization Curves

Commonly, VRFBs are examined over the current density range of 10-100 mA cm™
without reaching the maximum power density of the cell [100-102]. To determine the
maximum power density of VRFBs assembled with the tested SFPAE membranes and
to understand the influence of membrane thickness on the maximum power density,
the polarization curves of the VRFBs assembled with different thickness SFPAE
membranes were measured, Fig. 4.22. The maximum power densities for the VRFBs
assembled with 28 pm, 45 pm and 80 um membranes were found to be 267 mW cm”,
311 mW cm™ and 253 mW cm?, respectively. The 45 um membrane was observed to
be the optimal sample among the three thicknesses studied based on the polarization
curve analysis as the cell with this membrane gave the highest maximum power
density. A N212 membrane (DuPont) with wet thickness of 60 pum was also measured
in a VRFB under the same conditions. The maximum power density for this
membrane was found to be only 204 mW cm?, confirming the superior performance

of the SFPAE membranes when compared to N212 as reported previously [77].
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Figure 4.22 Polarization curves of the VRFBs assembled with different thickness membranes.
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4.2.4 Conclusions

Proton exchange membranes based on IEC-optimized SFPAE 1.8 meq g"' polymer
were prepared with three thicknesses of 28 um, 45 um and 80 um and were evaluated
in VRFB operation to explore the effect of membrane thickness on the cell
performance. It was found that the charge/discharge voltage and time were both
influenced by the membrane thickness. The membrane thickness governs the
membrane resistance and electrolyte crossover directly, which was used to rationalize
the change of charge/discharge voltage and time with respect to the membrane
thickness. The charge depth, which is defined as the effective capacity of the battery,
was found to be highly dependent on the membrane thickness and VRFB operational
conditions. Due to the combination effects of ohmic loss and electrolyte crossover
loss, the 45 um thick membrane sample was found to be the optimum thickness of the
SFPAE material studied in this work in terms of VRFB energy efficiency and

maximum power density.
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Chapter 5. Effects of Operating Conditions on Capacity Loss

This chapter presents the studies performed to determine the effects of operating
conditions on long-term VRFB performance. Several studies were performed to
identify effective mitigation strategies to control and minimize the capacity fade in

these systems. The details of these studies are presented in the following sections.

5.1 Controlling Electrolyte Flow Rate

5.1.1 Introduction

The model simulations that were explained in Chapter 4 suggested that diffusion and
migration may not be the dominating mechanisms for species crossover in the
membrane. Motivated by this observation, the objective of this study is to investigate
the convective transport and related effects on the vanadium crossover. Several case
studies were conducted to examine the impact of 1) electro-osmotic convection due to
viscous interactions between the mobile ions and electrolyte and ii) osmotic
convection due to pressure gradients across the membrane. In addition, the model was
utilized to provide insight on how to select operating conditions to control the

convection in the membrane and minimize the capacity loss in VRFBs.

In this section, four different case studies (that have different electrolyte viscosities
and flow rates) were simulated to quantify the impact of convection on vanadium

crossover. The main input parameters for these cases can be found in Table 5.1.
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Table 5.1 Input parameters for simulated cases.

Parameters Operating conditions Viscosity effect
Case 1 Case 2 Case 3 Case 4
(const (const
flow rate)  pressure)
Cell size [cm?] 10 10 10 10
Current [mA] 500 500 500 500
Half-cell volume [ml] 25 25 25 25
Initial vanadium [mol 17']  1.04 1.04 1.04 1.04
Total sulfate [mol 177] 5.04 5.04 5.04 5.04
(+) viscosity [Pa s] 5x1073 5x1073 25x1073  25x1073
(=) viscosity [Pa s] 25x107*  25x1073 5x1073 25%x1073
(+) flow rate [ml min—!] 20 40 20 20
(=) flow rate [ml min~'] 20 20 20 20

5.1.2 Results and Discussions

5.1.2.1 Constant Flow Rate vs. Constant Pressure

Osmotic convection occurs due to the pressure gradients across the membrane. These
pressure gradients arise as a result of the electrolyte flow conditions (i.e., flow rate
and electrolyte composition) within the system. Therefore, the first set of simulations
(Cases 1 and 2) were selected to represent two flow conditions for a VRFB. Case 1 is
a constant flow rate condition (i.e., same flow rate in each half-cell), and Case 2
represents a constant pressure condition (i.e., same pressure throughout each half-cell),
where constant pressure was obtained by increasing the positive half-cell flow rate to
account for variations in viscosity. In this study, simulations were performed for an

electrolyte composition that has 1.04 M VOSO, (VO*) in 4 M H,SO,.

Figure 5.1a shows the change in capacity after each cycle for both cases, where

capacity was calculated with respect to the discharge time of the first cycle:
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capacity = Laisn x100% (5.1)
dis,1

The capacity of a VRFB is limited by the amount of vanadium in the most vanadium
deficient half-cell, which is the positive half-cell for the electrolyte composition
simulated in this study. As seen in Fig. 1a, the constant pressure operation appears to
have significantly reduced capacity loss (~96% capacity after 35 cycles) as compared
to the constant flow rate operation (~87% capacity after 35 cycles). The amount of
vanadium crossover in the constant pressure operation is observed to be relatively
lower than the constant flow rate operation (Fig. 5.1b). This trend can be attributed to
the smaller net vanadium transfer from the positive to the negative half-cell in the
constant pressure condition. When the positive half-cells (i.e., deficient half-cells) of
these two cases are compared, the constant pressure case has a consistently larger
amount of vanadium in the positive half-cell over each cycle due to the slower rate of

capacity loss.
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Figure 5.1 Simulated results for constant pressure vs. constant flow rate case study: a) change
in capacity loss (discharge time) after 35 cycles and b) change in vanadium in each half-cell

at the end of each cycle.

The observed discrepancy in vanadium crossover between Cases 1 and 2 (Fig. 5.1b)
can be explained through analysis of the magnitude and direction of the osmotic
convection. Fig. 5.2 shows the average convection in the membrane at 50% state of
charge (SOC) during the 35" cycle for both cases. Fig. 5.2a shows that the constant

flow rate operating condition (Case 1) produces a constant osmotic convection from
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the ‘+’ to ‘-’ half-cell regardless of the direction of current, whereas the electro-
osmotic convection is same but in different direction during charge and discharge.
This trend can be attributed to the difference in electrolyte viscosity between ‘+’ and
‘-> half-cell (the positive electrolyte is more viscous than the negative electrolyte).
The difference in electrolyte viscosities causes each half-cell to have a different
pressure drop, which would result in a pressure difference (and osmotic convection)

across the membrane.

In addition, Fig. 5.2a shows that the net rate of convection from the ‘+’ to ‘-’ half-cell
during charge is 2X higher than the net rate of convection from the ‘-’ to ‘+’ half-cell
during discharge. The difference in net convective transfer is governed by the osmotic
convection, since electro-osmotic convection yields zero net effect for an entire cycle.
Therefore, during constant flow rate operation, one would expect a net convection
from the ‘+’ to ‘-’ half-cell, which yields a net vanadium transfer in the same

direction.

In line with the analyses given above, Fig. 5.2b suggests that the constant pressure
operating condition (Case 2) eliminates the osmotic convection, which results in a
more balanced net convection between charging and discharging. Elimination of the
pressure gradient across the membrane reduces the net vanadium transfer from the ‘+’
to the ‘-’ half-cell during a single cycle, which agrees with the trends in vanadium
transfer observed for the 35 cycle simulation (Fig 5.1b). However, it is important to
note that despite the elimination of osmosis, a net crossover from the ‘+’ to ‘-’ half-
cell is still observed for Case 2. This occurs for two reasons: i) electro-osmosis always

facilitates vanadium transfer in the same direction as current (i.e. from ‘+’ to ‘-’ half-
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cell during charge and vice versa during discharge) and ii) the charge time is longer
than the discharge time. Therefore, in a given cycle, the longer charge time results in
more time for vanadium to transfer from the ‘4’ to ‘-’ half-cell, yielding a net
crossover towards the ‘-’ half-cell. Based on the simulation results of Cases 1 and 2, it
can be concluded that one potential approach to mitigate the capacity loss in VRFB
would be to operate the system at constant pressure condition through utilization of
asymmetric flow rates (i.e., different flow rates in the ‘+’ and ‘-’ half-cells) to

minimize the impact of osmotic convection on species Crossover.



131

Electro- Net
a i =
) Osmotic + osmotic Convection

120 :
% 60 - ; (+
:: (*) Case 1:
£ 30+ ; Const. Flow Rate
E o0 l : Discharge
[}] H
£ 30 1() N M Charge
5 60 -
° ¥ i ;
L 290 - ()

-120 ' 0

(+): To Positive Electrode (=): To Negative Electrode
Osmotic + Electro- _ Net
b) osmotic Convection

120 : :
—~ 90 - H(+) L (+)
) : é
= 60 - No ; Case 2:
< 30 - Osmosis Const. Pressure
E 0 ’ i [ ] Discharge
e 30 - No ' ] Charge
E Osmosis

-60 - ; ;
g @ :
© -90 () )

-120 : :

(+): To Positive Electrode (=): To Negative Electrode

Figure 5.2 Average convective flow rate across the membrane during the 35" cycle at 50%

SOC for a) Case 1 (constant flow rate) and b) Case 2 (constant pressure).

5.1.2.2 Influence of Viscosity on Vanadium Crossover

In the previous section, it was suggested that the osmotic convection in the constant
flow rate case occurs as a result of variations in the electrolyte viscosities, which
yields a pressure gradient across the membrane. To further investigate the impact of
electrolyte viscosity on vanadium crossover, three different cases (Cases 1, 3, and 4,

see Table 5.1) were simulated with varying electrolyte viscosities.
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Figure 5.3a shows the capacity loss over 20 cycles for these three cases. It was
observed that the rate of capacity loss varies significantly depending on the variations
in electrolyte viscosity. For example, a 5X increase in the negative electrolyte
viscosity between Cases 3 and 4 results in an increase of capacity loss from ~0% to
over 25% after 20 cycles. These variations in capacity loss can be attributed to the
impact of the difference in electrolyte viscosities on the magnitude of the pressure

gradient across the membrane.

In addition, Fig. 5.3b indicates that the direction and magnitude of net vanadium
crossover also depends on the electrolyte viscosities, which vary based on electrolyte
composition and SOC. The net direction of vanadium crossover is found to be
towards the less viscous electrolyte regardless of the tested cases (e.g., ‘+’ half-cell
for Case 1 and ‘-’ half-cell for Cases 3 and 4), which agrees with the fact that the
direction of osmotic convection will always take place from high pressure region

(more viscous electrolyte) to low pressure region (less viscous electrolyte).
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5.1.3 Conclusions

In the first section of this chapter, the convective transport in the membrane and

related effects on vanadium crossover and capacity loss in VRFBs was investigated

using the developed model explained in Chapter 2. The model predictions indicate

that convective transport across the membrane is a major mechanism contributing to

the vanadium crossover. Model simulations suggest that the rate of vanadium
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crossover can be reduced through the use of asymmetric flow rates (different flow
rates in the ‘+” and ‘-’ half-cells) to control the pressure drop across the membrane
and minimize the impact of osmotic convection. Furthermore, the direction and
magnitude of the osmotic convection and resulting crossover is found to be highly

dependent on the viscosity of the electrolytes in each half-cell.

5.2 Controlling Charge/Discharge Current

5.2.1 Introduction

In the Section 4.1.1 the species transport mechanisms governing capacity loss in
Nafion® 117 and sulfonated Radel (s-Radel) membrane were compared. The goal of
this study was to quantify how the differences in key membrane properties affect the
dominance of specific species transport mechanisms within the membrane. When
compared to Nafion®, s-Radel (composed of post-sulfonated polyphenylsulfone resin
- Radel) has been shown to possess superior ion selectivity, high coulombic efficiency,
and low capacity fade rate (almost half that of Nafion®) [8]. Simulation results
reported in Section 4.1.1 indicated that the transport of vanadium ions across s-Radel
is primarily dominated by electro-osmotic convection, which depends on the
magnitude and direction of the current [99]. Accordingly, it was suggested that
varying the applied current during charging and discharging (i.e., using different
current during charge and discharge) can potentially balance the convective crossover
(osmosis and electro-osmotic convection) during cycling, which would reduce the

capacity fade.

Motivated by the findings in the Section 4.1.1, in this part of the thesis, the

effectiveness of altering the charge and discharge current as a potential technique to
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reduce the capacity loss in VRFBs were further explored. Two types of membranes,
namely a diffusion-dominated and a convection-dominated membrane, were
investigated to assess the effectiveness of the proposed technique with respect to
membrane type/properties. Analyses were conducted by using the experimentally-
validated VRFB model that was explained in detail in Chapter 2. Several studies,
including; the long-term cycling performance under symmetric (i.e., same current
during charge/discharge) and asymmetric current operations (i.e., different currents
during charging and discharging) were performed for these two membrane types. The
changes in specific transport modes and resulting crossover with respect to tested
operating conditions were quantified and linked to the membrane properties to assess

the effectiveness of the approach and provide guidance for future optimization efforts.

5.2.2 Method of Approach

5.2.2.1 Simulated Case Studies

In this study, simulations were performed for two different membrane types (i.e.,
diffusion-dominated and convention-dominated membrane), in which different
transport modes dominate species crossover. For the diffusion-dominated membrane,
Nafion® 117 was selected as an exemplary membrane for analysis. Nafion® 117 has
been extensively studied in other fields and its properties have been well-
characterized [47,49-52] (see Table 5.2). In addition, Nafion® has been used in many
VREB studies [68-69,98-102] as a baseline membrane to study device performance.
For the convection-dominated membrane, a model membrane (see Table 5.2) that has
properties similar to those found in s-Radel (e.g., much lower diffusivity and higher
ion exchange capacity than Nafion®) was selected [8]. The selection of the properties

for the convection-dominated membrane was performed based on the findings in
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previous studies reported in the literature [99]. The simulation results reported in
Section 4.1.1 indicated that the transport of vanadium ions due to convection
(specifically electro-osmotic convection) is more dominant for the membranes that
have large number of fixed acid sites and free ions [99]. With the larger number of
fixed charges, more interaction is expected to occur between the charged species
within the membrane, which would lead to higher electro-osmotic drag of electrolyte

across the membrane [99].

Table 5.2 Membrane properties and parameters used in the model.

Convection-
Symbol Description Nafion® 117 dominated
Membrane
" Membrane thickness (um) 203 [22] 115
¢y Fixed acid concentration (mol m™) 1432 [22] 2800
K, Electrokinetic permeability (m?)? 1.13x10%  7.533x10%
K, Hydraulic permeability (m?) 158 x10™[23] 5.27x107°
V(II) membrane diffusion coefficient
Dy (2) e 3.125x 10 20x 107
(m”s™)
V(1) membrane diffusion coefficient
D" ar st ! 593x10™2[24] 3.80 x 107
V(IV brane diffusion coefficient
pr, VV)ymem TS . 50x1072[24]  3.21x 10
(m”s™)
V(V) membrane diffusion coefficient
D" V) st ! 117 x10™2[24]  7.5x 10"
Vv (m2 s 1)
m H* membrane diffusion coefficient 9 9
D7, i 3.35 x 107 [25] 2.68 x10
H (m2 s 1)
m HSO, membrane diffusion coefficient 11 11
D 4 x107[26] 2x10

HO; (2 g

*Fitted parameter
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In terms of simulations, the convection-dominated membrane was simulated at four
different charging current densities (e.g., 400 A m?, 600 A m~, 800 A m™ and 1000 A
m?), while the discharge current was held constant at 600 A m™ for each case.
Similarly, the diffusion-dominated membrane (Nafion® 117) was simulated at a
charging current density of 500 A m” and 1000 A m™ while the discharging current
was held constant at 500 A m™. There are two main reasons why the charging current
was varied while the discharging current kept constant in this study. The first reason
is that from an operational perspective, a VRFB typically considered for use as a
generator in the electricity market must satisfy the load, in which it is dispatched to
serve, up to the maximum power bid placed by the operator. Thus, the output power
of the system is dictated by the demand for electricity, and cannot be actively
controlled by the operator to minimize crossover. However, when the system is
charging (i.e., acting as a load on the electrical grid), the consumption can be varied at
the operator’s discretion. For this reason, it is reasonable to consider the charging
current as the controllable variable. The second reason is that in Section 4.1.1, it was
found that crossover appears to occur much more during discharging than charging
[96]. Therefore, changing the current during charging would provide more insight
with regards to the possibility of balancing the species crossover (and thus reducing

overall net crossover) between charging and discharging.

5.2.3 Results and Discussion

5.2.3.1 Capacity Loss for Convection-dominated Membrane w.r.t Asymmetric
Current Operation

Figure 5.4 compares the capacity fade for the convection-dominated membrane under
four different charging current conditions. As seen in Fig. 5.4, the capacity loss of the

VRFB under all four operating conditions generally follows the same trend. Initially,
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the loss in capacity is not significant due to very small amount of accumulation of
vanadium ions in each half-cell. However, as the VRFB continues to be cycled, the
change in capacity is more pronounced due to the build-up of vanadium species in
each half-cell. When the tested conditions are compared, it is observed that the change
in capacity considerably varies with increasing the charging current from 400 A m™ to
1000 A m?, which indicates the benefit of operating the VRFB under an asymmetric
current condition. As seen in Fig. 5.4, an improvement of ~ 7.1% in the capacity
retention is observed at the end of 40" cycle for 1000C/600D case, as compared to

400C/600D case (C represents charging where D represents discharging current

density).
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.6 777
S 90% -
8 400C/600D
®600C/600D
85% A
® 800C/600D
4 1000C/600D
80% T T T T
0 10 20 30 40

Cycle Number

Figure 5.4 Capacity loss over 40 cycles when operated at 400C/600D (i.e., charging at 400 A
m? and discharging at 600 A m?), 600C/600D, 800C/600D, and 1000C/600D for the

convection-dominated membrane.
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To investigate the rationale behind this improvement, the change in the crossover of
vanadium ions with respect to the tested conditions was analyzed. Fig. 5.5 shows a
representative analysis of the crossover mechanisms for V** for the 20" cycle at 50%
SOC. As the charging current density increases, the diffusive and migrative fluxes do
not change substantially. Diffusion is driven by the concentration gradients that exist
across the membrane, whereas migration is driven by the potential gradient between
the two half-cells. Neither of these parameters (i.e., concentration and potential
gradient) is significantly affected by the increase in the charging current density,
therefore the change in diffusive and migrative flux is observed to be very small
(almost negligible) for all these tested cases (Fig. 5.5). On the other hand, the
convective flux during charging is observed to increase with the charging current and
consequently, the net convective flux over the course of a single cycle decreases as
the charging the current increases from 400 to 1000 A m™. Since convection is the
dominant transport mechanism for this type of membrane, a decrease in the net
convective flux also contributes to a reduction in the net “total” crossover flux of

vanadium ions (Fig. 5.5).

To further investigate this observation, the change in the flux of individual vanadium
species was analyzed. Fig. 5.6 shows the net crossover flux of each vanadium species
(V¥, V*, V* and V™) at 50 % SOC for the 20" cycle for the tested conditions.
Similarly, the net crossover of all species is observed to decrease considerably as the
charging current density increases from 400 to 1000 A m”. The decrease in the net
crossover flux of each vanadium ions represents the primary reason for the observed
7.1 % improvement in the capacity retention with increasing charging current shown

in Fig. 54.
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Figure 5.6 Net crossover flux of V**, V**, V¥ and V> (20" cycle at 50% SOC) when
operated at 400C/600D (charging at 400 A m™and discharging at 600 A m™), 600C/600D,
800C/600D, and 1000C/600D for the convection-dominated membrane.

5.2.3.2 Dependence of Capacity Loss on Charging Current

The simulation results shown in Figs. 5.5 and 5.6 suggest that the magnitude and
direction of “net” crossover flux for the convection-dominated membrane highly
depends on the charging current. In order to quantify this dependency, the convective
crossover of the bulk electrolyte was predicted for the tested conditions and is shown
in Fig. 5.7. Figs 5.7a, 5.7c, and 5.7d depict the convective crossover of the bulk
electrolyte under asymmetric current conditions, whereas Fig. 5.7b shows the
convective crossover during the symmetric current operation. In each of these cases,
osmotic convection is found to occur in the same direction with the same magnitude
(for both charging and discharging) irrespective of the charging current. This trend is
expected since osmotic convection is driven by the pressure gradient across the
membrane, rather than the current. The electro-osmotic convection, on the other hand,

appears to be considerably affected by the charging current. Under asymmetric
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current operation, simulation results indicate that the electro-osmotic convection
during charging and discharging is not balanced (e.g., having different magnitudes
and directions). As the charging current increases from 400 A m™ to 1000 A m?, the
electro-osmotic convection during “charging” is observed to increase. This increase
appears to compensate for the impact of the osmotic crossover, and lead to a decrease

in the overall “net” convective flux.

To further investigate this observation, the change in volume of electrolyte in each
half-cell was analyzed for all these four conditions. A representative analysis of
change in electrolyte volume for 20" cycle is shown in Fig. 5.8. It is observed that the
net rate of vanadium crossover is greater during discharging than charging for all the
tested conditions. Furthermore, increasing the charging current density appears to
reduce the net change in volume of electrolyte in each half-cell at the end of the cycle.
This finding also agrees well with the previous observation of reduced “net”

convective crossover with increasing charging current.
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Figure 5.7 Convective crossover (osmotic, electro-osmotic, and total) of bulk electrolytes
(20™ cycle at 50% SOC) when operated at (a) 400C/600D (charging at 400 A m™ and
discharging at 600 A m?); (b) 600C/600D; (c) 800C/600D; (d) 1000C/600D for the

convection-dominated membrane.

It is also important to note that although a significant reduction in capacity fade was
observed by operating under asymmetric current conditions, the capacity loss was not
entirely eliminated for the convection-dominated membrane. This is due to the
contributions of diffusion to the overall crossover of vanadium ions. As shown in Fig.
5.5, although the effect of convection is significantly minimized with increasing
charging current, diffusion (driven by the concentration gradient across the
membrane) occurs in the same direction during charging and discharging. As a result,
the net contribution of diffusion for each vanadium species, at the end of a single
cycle is non-zero, which leads to a small capacity loss in the system. However, it

should be noted that as the VRFB is continually cycled, the driving force for diffusion
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(i.e. the concentration gradient) gradually diminishes over time with the accumulation

of an equivalent concentration of vanadium ions in each half-cell.
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1000C/600D for the convection-dominated membrane.

5.2.3.3 Voltage Efficiencies for Convection-dominated Membrane

The simulation results indicate the possibility of reducing the capacity loss for the
convection-dominated membrane by running the system under asymmetric current
operation (i.e., increasing charging current). In order to determine the cost of this
improvement, the voltage efficiencies of the system under each condition were
analyzed. As shown in Fig. 5.9, increasing the charging current density from 400 A m’
*to 1000 A m? decreased the average voltage efficiency over 40 cycles by ~ 6%.
This reduction in voltage efficiency can be attributed to the increased ohmic losses as

a result of increased charging current. Increasing the charging current density
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increases the rate at which ions flow across the membrane to maintain the
electroneutrality in the system. Assuming that the resistance of the membrane stays
fairly constant, an increased current across the membrane manifests itself as a higher
voltage drop (i.e., ohmic loss), which would adversely impact the voltage efficiencies.

The same ohmic behavior occurs in the electrodes and current-collectors as well.
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Figure 5.9 Voltage efficiency over 40 cycles when operated at (a) 400C/600D (charging at
400 A m*and discharging at 600 A m?); (b) 600C/600D; (c) 800C/600D; (d) 1000C/600D

for the convection-dominated membrane.

5.2.3.4 Capacity Loss for Diffusion-dominated Membrane (Nafion® 117)

In the second part of this study, Nafion® 117 was simulated in order to investigate the
effects of asymmetric current operation on the diffusion-dominated membrane. In
these simulations, two different charging current densities (500 A m™ and 1000 A m™)
were simulated, while the discharging current was held constant at 500 A m™. The
simulated charging current densities are representative of the high and low ends of

those used in the simulations for the convection-dominated membrane to gauge the



146

impact of asymmetric current operation. According to the simulation results reported
in Section 4.1.1, it was found that under symmetric current condition, the net
convective crossover is always greater during discharging than charging due to the
dominance of osmotic convection, which occurs in the same direction for both

charging and discharging.

Figure 5.10 shows the predicted capacity loss and voltage efficiency over 40 cycles
for the diffusion-dominated membrane. It is observed that increasing the charging
current from 500 to 1000 A m™ decreases the capacity loss by approximately 12.4 %.
However, the average voltage efficiency over 40 cycles is observed to decrease by

~4.3 % due to the increased ohmic losses.
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Figure 5.10 Capacity loss and voltage efficiency over 40 cycles when operated at 500C/500D
(charging at 500 A m™and discharging at 500 A m™), and 1000C/500D for the diffusion-

dominated membrane (Nafion® 117).
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Physical insight into the observed decrease in the capacity fade was obtained by
investigating the crossover of active species across the membrane. Figs 5.11 and 5.12
show the crossover flux for all mechanisms (i.e., convection, diffusion and migration),
and the convective crossover of the bulk electrolyte under these two operating
conditions, respectively. As seen from Fig. 5.11, the main difference between these
two cases is the direction of convection during charging. As the charging current is
increased from 500 A m” to 1000 A m™, convection during charging changes
direction, which leads to a reduction in “net” convection at the end of a full cycle (Fig.
5.11b). As shown in Fig. 5.12, this change of direction in convection stems from the
increased electro-osmotic drag during charging with increasing charging current.
Furthermore, increasing the charging current density increased the magnitude of the
electro-osmotic crossover during charging, which compensates for the osmotic
crossover and reduces the “net” convective crossover. The decrease in “net”
convection leads to a reduction in the total crossover flux, which manifests itself as a

reduction in the overall capacity loss of the device.
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5.2.3.5 Comparison of Convection-dominated vs. Diffusion-dominated Membrane

When both membranes are compared, simulation results indicate that operating under
asymmetric current conditions can mitigate capacity fade in VRFBs regardless of the
membrane type. For both membranes, increasing the charging current density appears
to help reduce the net convective crossover of ions, which diminishes the loss of
capacity. However, when the magnitude of the reduction in capacity loss is compared,
a more significant reduction in capacity fade is observed for the diffusion-dominated

membrane (~124 %, see Fig. 5.10), as compared to the convection-dominated
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membrane (~7.1 %, see Fig. 5.4). This observed discrepancy can be attributed to the
reduction in the overall cycle time under asymmetric current operation. For Nafion®
117, the impact of diffusion (i.e., the dominant transport mechanism) is essentially
suppressed due to a reduction in the overall cycle time. Increasing the charging
current density from 500 A m™ to 1000 A m? decreased the cycle time by ~33%.
Since the concentration gradients for all vanadium species remain relatively constant
over 40 cycles, a reduced cycle time translates to a decrease in the crossover of
vanadium ions due to diffusion. The convection-dominated membrane, on the other
hand, was found to be less sensitive to cycle time since the contribution of diffusion
to the overall crossover is relatively smaller. For this type of membrane, the total
convective flux (i.e., dominant transport mechanism) depends on other factors besides
time (such as, pressure difference across the membrane, current density, etc), which

makes it less sensitive to the changes in cycle time.

5.2.4 Conclusions

In this study, asymmetric current operation (i.e., different current during charging and
discharging) was investigated as a technique for mitigating the capacity fade of a
VREFB for both convection-dominated and diffusion-dominated membranes. For both
types of membranes, it was found that increasing the charging current density
decreases the net convective crossover of the bulk electrolyte, which leads to a
reduction in the overall crossover at the end of the cycle. This observation was
attributed to the fact that increasing the charging current increases the magnitude of
the electro-osmotic convection during charging, which in turn, compensates for the
convective crossover due to osmosis. Furthermore, when both membranes are

compared, a more significant improvement in capacity retention was observed for the
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diffusion-dominated membrane because of the fact that diffusion has less time to
affect the capacity during a single cycle as a result of increased charging current. On
the other hand, convection-dominated membrane was found to be less affected by
similar changes in cycle time, since the impact of diffusion is very small as compared
to the convection. While the simulation results indicate that asymmetric current
operation offers an opportunity to increase the life span of a VRFB regardless of
membrane type, it comes at the expense of reduction in the voltage efficiencies due to

the increased ohmic losses.

Along with the results of previous section of this chapter, the findings of this study
highlight the importance of intelligently selection of operating conditions on reducing
the capacity fade of VRFBs. An optimal solution to capacity fade will probably result
when operating conditions are matched to the crossover behavior of the membrane.
Developing such operational strategies will compliment advances in membrane

development for these systems.
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Chapter 6. Conclusions and Future Work

6.1 Conclusions

The overall objective of this Ph.D. study is to establish a fundamental understanding
of multi-ionic transport mechanism through VRFB membrane, and utilize this
understanding to reveal the role of membrane properties and operating conditions on
the capacity loss. To achieve these goals, a combined experimental and computational
study was designed. An experimentally validated, 2-D, transient VRFB model that
can predict the species crossover and related capacity loss was developed. In addition
to that, several experimental studies were conducted to characterize different
membrane types and study the effects of various operating conditions on long-term
performance of the VRFB. Two fundamental conclusions derived from this study are
as follows:

e Each of these three species transport mechanisms has important implications
on the species crossover in VRFB membranes. Depending on the chemical
structure of the membrane and operating conditions, they do make different
contribution to the crossover and resulting capacity fade.

e In addition to tailoring the membrane properties, this study shows that one
potential approach to reduce the crossover during VRFB operation is altering
the operating conditions (e.g., flow type, flow rate) based on the membrane
properties. The idea behind this approach is that by adjusting the operating
conditions, it is possible to minimize the driving forces that are responsible for
species crossover in the membrane.

In addition to these, following important conclusions were obtained from this

dissertation study.
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6.1.1 Role of Membrane Properties on Capacity Loss of a VRFB

6.1.1.1 Membrane Type

6.1.1.1.1 Proton Exchange Membranes (PEMs)

The relative contribution of diffusion, migration, osmotic and electro-osmotic
convection to the net vanadium crossover in Nafion” and sulfonated Radel (s-
Radel) membranes was distinguished using the developed model.

Model simulations indicate that diffusion is the dominant mode of vanadium
transport in Nafion®, whereas convection dominates the vanadium transport
through s-Radel due to the lower vanadium permeability, and thus diffusivity
of s-Radel.

Among the convective transport modes, electro-osmotic convection (i.e.,
electro-osmotic drag) was found to govern the species crossover in s-Radel
due to its higher fixed acid concentration and corresponding free ions in the
membrane.

Simulations also showed that vanadium crossover in s-Radel changes direction
during charge and discharge due to the change in the direction of electro-
osmotic convection. This reversal in the direction of crossover during charge
and discharge was found to result in significantly lower “net” crossover for s-

Radel when compared to Nafion®™

6.1.1.1.2 Anion Exchange Membranes (AEMs)

A quaternary ammonium functionalized poly(fluorenyl ether) anion exchange
membrane (AEM) with extremely low VO** permeation was characterized for

VRFB applications.
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e 100% coulombic efficiency (CE) was observed for the VRFB assembled with
this AEM at all the current densities tested. Comparatively, the CE of the
VRFB assembled with N212 was lower than 94% and varied with
charge/discharge current density.

e At current densities lower than 60 mA cm™, the energy effiency of the VRFB
assembled with the AEM was higher than that of the VRFB assembled with
N212.

e The cycling performance demonstrated that the VRFB assembled with an
AEM was free of capacity fade, which is a consequence of its low VO
permeability and is related to its 100% CE performance in an operating device.

e Increasing the IEC of the QA-Radel membranes increased both the ionic
conductivity and VO* permeability.

e Increasing the polymer IEC resulted in higher voltage efficiency for the 2.0
and 2.4 mequiv. g' samples, but the cells with these membranes displayed
reduced coulombic efficiency and faster capacity fade.

e The QA-Radel with an IEC of 2.0 mequiv. g had the best balance of ionic
conductivity and VO*" permeability, achieving a maximum power density of
218 mW cm™ which was higher than the maximum power density of a VRFB

assembled with a Nafion® N212 membrane.

6.1.1.1 Membrane Thickness
e JEC-optimized SFPAE membranes with three different thicknesses (28 pum, 45
pm and 80 wm) were prepared and tested experimentally.
e [t was found that the combined effects of the ohmic loss and electrolyte

crossover loss in the VRFB, which were governed by membrane thickness,
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resulted in an optimal membrane thickness of 45 um for SFPAE under the
conditions tested.

e Thicker membranes were observed to cause higher cell resistance while
thinner membranes yielded larger vanadium crossover flux, both of which had
negative impacts on the cell performance.

e The maximum power densities of the VRFBs assembled with 28 um, 45 um
and 80 um SFPAE membranes were 267 mW cm™, 311 mW cm™ and 253
mW cm™ respectively, much higher than that of the VRFB assembled with

N212 membrane, which was 204 mW cm™.

6.1.2 Effects of Operating Conditions on Capacity Loss of a VRFB

6.1.2.1 Controlling Electrolyte Flow Rate

e The VRFB model was utilized to simulate several extended charge/discharge
cycles with varying flow rates and electrolyte viscosities.

e The simulations indicated that osmotic and electro-osmotic convection in the
membrane are major mechanisms contributing to species crossover.

e In addition, variations in electrolyte viscosity were observed to have a
significant impact on the direction and magnitude of species crossover during
VRFB operation.

e The simulations suggested that one potential approach to minimize the
capacity loss in VRFBs would be to operate the system at constant pressure
condition through the utilization of asymmetric flow rates (i.e. different flow
rates in the positive and negative half-cells) to reduce the impact of osmotic

convection.
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6.1.2.2 Controlling Charge/Discharge Current

The operation of a VRFB under asymmetric current conditions (i.e., different
current densities during charge and discharge) was investigated as a technique
to reduce the capacity loss in VRFBs.

Two different membrane types with different modes of vanadium transport (a
convection-dominated membrane and a diffusion-dominated membrane) were
analyzed. In these analyses, the charging current density was varied while the
discharging current was held constant.

For both types of membranes, it was found that increasing the charging current
decreases the net convective crossover of vanadium ions, which reduces the
capacity loss of the battery.

When the tested membranes are compared, the improvement in capacity
retention was found to be larger for the diffusion-dominated membrane
(12.4%) as compared to the convection-dominated membrane (7.1%) under
asymmetric charge and discharge current.

The higher capacity retention in the diffusion-dominated membrane was
attributed to the reduction in the cycling time (and hence, suppressed
contribution of diffusion) due to the increased charging current.

While the asymmetric current operation is found to help reduce the capacity
loss for both membrane types, it comes at the expense of reduction in the

voltage efficiencies.
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6.2 Recommendations for Future Work

Although a descriptive theoretical framework for multi-ionic species transport
mechanisms through the membrane governing crossover and capacity loss has been
developed, there are several phenomena still need to be understood in order to provide
new strategies for mitigating the capacity loss of a VRFB. As a continuation of the
present study, the following recommendation outlined below can be considered as the

extension of this thesis work.

The observed trends indicated that hydraulic and electro-kinetic permeability of a
membrane are equally as important as vanadium diffusion coefficients when
evaluating new membranes. Currently, there is no measured data in the literature
regarding these two parameters. For this reason, hydraulic and electro-kinetic
permeability of several commercially available membranes (i.e., Nafion®, s-Radel. ..
etc.) as a function of ion exchange capacity should be quantified experimentally. Then
the results of this study can be incorporated into the formulated model as input
parameters to develop a selectivity analysis that investigates which type of
permeability property of the membrane contributes more to the crossover and related
capacity fade. This work can enable us to obtain a broad range of data to accurately

benchmark the design parameters of the VRFB membrane.

Furthermore, although experimental results indicated that AEM-based VRFB
achieved 100 % coulombic efficiency, the effects of membrane properties on cell
performance in terms of voltage efficiency for this type of membrane are not clear.

Motivated by this, the current model formulation can be modified for AEMs in order
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to determine the target membrane properties that yield desired voltage efficiency and

free of capacity fade.

In terms of design, identification of optimized electrodes for VRFBs is more
complicated than simply measuring or tuning certain properties, such as
electrochemical activity or surface area. It also requires a systematic understanding of
electrolyte flow mechanism and related transport losses due to the flow-assisted
nature of these systems. This issue is further complicated by the variation of flow
regimes that are employed in these systems. To date, two different flow
configurations, namely flow-through and flow-by are commonly used. While one
configuration might minimize a certain loss, it may increase other losses. For this
reason, the effects of electrolyte flow type on system performance should be
investigated in detail. Although the current model is formulated for flow-through
configuration, it can be modified to the flow-by system to account for the effects of

electrolyte flow type on the single-cycle and long-term performance of the VRFBs.
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APPENDIX A. Nomenclature

Variables

a specific surface area (m*m™)
c concentration (mol m™)

Crc Kozeny-Carmen constant

d, fiber diameter (xm)

(=

ASY
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R &
&
=

i)

diffusion coefficient

open circuit voltage

standard reduction potential
voltage (V)

Faraday’s Constant

height

reaction current density
current

current density

reaction rate/coefficient
interfacial coefficient

component thickness (m)
molecular weight (g mol™)
outward normal vector
flux (mol m~s™)

pressure

pore radius

universal gas constant
source/sink (mol m™s™)
time

temperature (K)

ion mobility

velocity (m s™)

volume (ml)

width

valence

permeability

transfer coefficient
degree of dissociation
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0 region thickness (m)

£ porosity

n overpotential (V)

K permeability (m?)

y7; dynamic viscosity

P density (g cm™)

o conductivity

@ potential (V)

w volumetric flow rate (m’ s™)
Subscripts

- negative half-cell

+ positive half-cell

c cation

cell property of cell

f fixed membrane structure

i species: V**, V¥*, VO**, VO," H", HSO,, and SO,
i negative or positive half-cell (- or +, respectively)
[ liquid or ionic

s solid or electronic

T tank

w water

act activation

ohm ohmic

trans transport

Cross  Crossover

ch charge

dis discharge

Superscripts

0 initial condition

cc current collector domain

e electrode or electrolyte domain
eff effective value

er interfacial electrode region
in inlet

junc  interfacial junction

m membrane domain

mr interfacial membrane region
out outlet

s surface
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