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Abstract
Solar and wind energies have been growing so fast that in many regions around
the world they have become the cheapest source for electricity production. Nevertheless,
as we rely increasingly on solar and wind energies, one of their biggest technical barriers
needs to be addressed, which is the intermittency: the sun does not always shine, and the
wind does not always blow. Grid-level electrical energy storage (EES) can store these
energies when they are generated in excess and reuse them whenever and wherever
needed.
Batteries provide a means to store electrical energy in the form of chemical
energy. Although traditional solid-electrode batteries such as lithium-ion batteries have
been extensively developed over the past few years, they are deemed too costly for long
discharge duration EES applications such as regulating solar and wind energy. Aqueous
redox flow batteries (ARFB), however, provide a more cost-effective route for EES by
separating its electro-active storage materials from the electrochemical conversion
components. This allows independent adjustment of the battery power (by changing the
size of its electrode) and its energy (by changing the volume or concentration of its
electrolyte) so that both components can operate at their optimum performance for
arbitrary discharge durations.
iii

Traditional ARFBs utilize redox-active inorganic compounds dissolved in highly
corrosive supporting electrolyte. These species also exhibit serious membrane crossover,
sluggish redox kinetics, low solubility, or high chemical cost, which severely limit their
battery performance and commercialization. Contrarily, redox-active organic molecules,
such as quinones, have demonstrated high chemical diversity. Through appropriate
chemical functionalization to improve their reduction potential, solubility, and stability,
many of these shortcomings from inorganic systems can be effectively addressed. In
Chapter 2 of the thesis, an overview of the design principles of quinone-based electrolyte
materials will be first discussed. In Chapters 3 and 5, two alkaline ARFB systems based
on alkali-soluble anthraquinone and alloxazine derivatives, respectively, will be
demonstrated. Rational design of these electrolyte materials is provided, along with an
electrochemical analysis of their full-cell performance by pairing them with alkalicompatible ferri/ferrocyanide redox pair. In Chapter 4, semiquinone (a singly reduced
quinone intermediate during cell cycling) formation in alkaline condition, its
characterization using ESR, and its impact on cell cycling performance will be presented.
Based on preliminary results, by tuning the concentration of semiquinone, the battery
capacity retention can be significantly improved.
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Chapter 1 Introduction

Chapter 1 Introduction
1.1 Motivation of Energy Storage
Climate change due to greenhouse gas (GHG) emission is one of the biggest and
toughest challenges that need to be addressed in the 21st century. According to the 2014
Intergovernmental Panel on Climate Change (IPCC) report, approximately 25% of the
total GHG emission is due to electricity and heat production from burning fossil fuels
such as coal and oil (Figure 1.1a).1 Therefore, one direct approach to soften climate
change is through decarbonizing the electrical grid with clean and renewable energy
sources.
(a)

(b)

Figure 1.1 | Greenhouse Gas (GHG) Emissions by Economics Sector and 2016 US
Electricity Production by Source. (a) Adapted from IPCC Climate Change 2014:
Mitigation of Climate Change report. Further details about this figure can be found in
Reference 1. (b) Data from US Department of Energy (DOE), Energy Information
Administration (EIA).
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In the US, renewable energies account for about 15% of the total electricity
production as of the year 2016 (Figure 1.1b), based on data from US Department of
Energy (DOE) Energy Information Administration (EIA). Even though coal and natural
gas remain the dominant energy sources, together contributing 64% of total electricity
production, clean renewable energy sources, particularly solar and wind, are catching up
rapidly. In 2016, US added approximately 26 GW of energy, of which solar and wind
power (9.5 and 6.8 GW, respectively) contributed more than 60% of the new capacity. In
the same year, solar energy has become the cheapest source for newly installed electricity
production in many regions across the world, such as California, Chile, and Saudi
Arabia.2 The momentum of clean renewable energy development is truly unstoppable.
Therefore it is much anticipated that with continuing technological innovation, increasing
manufacturing capacity and decreasing cost, clean renewable energies will eventually
become the dominant sources for electricity production and eliminate GHG emission.
In order to rely completely on solar and wind power, however, a key challenge
associated with these energy sources need to be tackled, which is their intermittency; the
wind does not always blow, and the sun does not always shine. This challenge is best
illustrated using the “duck curve” (Figure 1.2a), introduced by California Independent
System Operator Corporation (CAISO).3,4 When plotting California’s hourly net demand
(defined as the total demand for electricity minus electricity production from solar and
wind) of a day, the net demand level from the year 2011 to 2016 has been kept decreasing
during the daytime but remained almost unchanged during night time. This trend makes
these curves increasingly duck shaped-like. The drop of net demand is due to increasing
integration of solar energy into the grid, which peaked between 10 am to 4 pm (yellow
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trace from Figure 1.2b obtained from CAISO official website). Consequently, the
electricity supply from non-variable sources such as fossil fuel power plants needs to be
curtailed during peak supply from solar energy to avoid overloading the grid. When solar
energy quickly diminishes (the steep drop of solar around 4 pm in Figure 1.2b), the fossil
power needs to increase rapidly to meet the demand during night time. The rate at which
the net demand accelerates between 4 and 7 pm, known as the three-hour ramp (labeled
on Figure 1.2a), has increased about 60% from 2011 to 2015 and has been kept
increasing ever since.4 As solar energy prevails and becomes the dominant electricity
source in the future, it will make the base load (“belly” part of the “duck curve”) even
lower and the three-hour ramp rate faster, causing more stress to the non-variable power
plants. A similar challenge also exists for wind energy integration.
To tackle this challenge, electrical energy storage (EES) at grid-level is a viable
solution. In the short term, storing electricity from solar and wind when they are
generated in excess and using these energies to compensate peak load demand during
night time will slow down the three-hour ramp rate, a process known as peak shaving. In
the far future when enough electrical energy can be stored, e.g. at GWh level, on a daily
basis, solar and wind energy will become truly dispatchable.
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(a)

Three-hour Ramp

(b)
Solar

Wind

Figure 1.2 | Hourly Net Demand and Load from Renewable Energy Source. (a) The
graph demonstrated the change of hourly electricity production minus electricity from
solar and wind in a typical day in March from the year 2011 to 2016. Figure obtained
from Reference 4. (b) Electricity production from renewable energy sources on May 13,
2017. Data obtained from CAISO official website.
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Besides resolving the intermittency of solar and wind power, grid-level EES is
useful in many other scenarios. Some applications of EES include 1) providing
uninterruptible power source (UPS) for hospitals and data centers, 2) improving
resilience of the power grid by providing long duration backup electricity in case of
natural catastrophes, 3) supporting regions disconnected from grid, i.e. the Hawaiian
Islands, and 4) enabling utility companies and households to arbitrage by storing
electricity when the price is low and reselling it when the price goes up.5,6 Selected
applications vs. their EES requirement are shown in Table 1.1.

Table 1.1 | Selected Energy Storage Applications and Their Requirement.a
Description

Duration

Size

Wholesale Energy Services
Arbitrage

2 – 10 h

10 – 300 MW

Frequency Regulation

15 min

1 – 100 MW

Renewables Integration
Wind integration: ramp &
voltage support

15 min

1 – 10 MW

Wind integration: off-peak
storage

5 – 10 h

100 – 400 MW

PV integration

15 min – 4 h

1 – 2 MW

Stationary Transmission & Distribution (T&D) Support
Urban and Rural T&D
Deferral

2–6h

10 – 100 MW

Home Energy Management
Efficiency, cost-savings
a.

2–4h

Adapted from Reference 5.

5
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1.2 Energy Storage Technologies

Figure 1.3 | Electrical Energy Storage Technologies. A general categorization of EES
technologies based on their system power ratings and discharge time at rated power.
Figure modified based on Figure 1 from Reference 7.

For grid-level EES technology, two performance parameters need to be
considered: its discharge time at rated power and its system power ratings (y-axis and xaxis, respectively, in Figure 1.3). Multiplication of these two terms leads to the total
storage capacity. Typically, for storage of clean renewable energies, the discharge time
should be in the hour range (to compensate for the three-hour ramp), and the power
should be at least around MW as illustrated in Table 1.1. Currently, the most widely used
EES technology is pumped hydroelectric energy storage (PHES) due to its long discharge
time and high power.7
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As of May 2017, PHES alone has contributed 95% of global energy storage
capacity or 183 GW, according to DOE Global Energy Storage Database (Table 1.2). In
the US, approximately 97% of energy storage (22.6 out of 23.4 GW) is by PHES. Despite
its current dominance, PHES has several apparent disadvantages. For storing a large
amount of energy, two massive water reservoirs with big altitude difference are needed.
This requirement sets constraints on both available appropriate geological sites, i.e.
accessible to a large amount of water and an elevated reservoir, and construction cost for
PHES deployment. Since the year 2000, only one PHES project was added in the US.
The development of PHES has also been slowing in China for the past five years, while
the nation’s development of solar and wind energy has been soaring. Clearly, more
flexible, affordable, environmental-friendly, and less geologically constrained EES
technologies are necessary to meet the rapid growth of renewables.

Table 1.2 | Summary of Global EES Technologies as of May 2017.a

a.

Technologies

Number of Projects

Rated Power (MW)

PHES

352

183,800

Thermal Storage

206

3,622

Electro-chemical

991

3,259

Electro-mechanical

70

2,616

Hydrogen Storage

13

18

Data from US DOE Global Energy Storage Database. Number of Projects only include operational ones.

Battery technologies provide a means to store electrical energy in the form of
chemical energy via reduction and oxidation (redox) reactions of electro-active
molecules. Due to their much higher gravimetric and volumetric energy density
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compared with PHES, batteries can have a much smaller footprint, allowing them to be
deployed with greater flexibility, fewer geological constraints, and less impact on the
surrounding environment. Two battery technologies of particular interest for EES are
lithium-ion batteries (LIB) and aqueous redox flow batteries (ARFB).
LIB is a key technology enabling the rapid growth of portable electronic devices
and electric vehicles (EVs). As its technology matured and the price dropped over the
past decade, many companies were also building LIB systems for grid-scale EES
purpose. For instance, in 2015, Tesla Inc. announced its first LIB-based module for
home-based electricity storage. Later, Tesla provided its battery packs for utility-scale
EES applications, such as facilitating two remote islands’ transformation from traditional
fossil fuel-based power generation to completely solar plus energy storage. Besides
Tesla, many utility companies are building LIB-based battery systems at much larger
scale. In January 2017, San Diego Gas and Electric (SDG&E) and AES have completed a
30 MW and 120 MWh EES in Escondido, CA, which is the world’s largest grid-level
LIB EES facility. With all their efforts, LIB-based EES technologies have contributed
roughly 97% of electrochemical-based capacity or nearly half of total EES capacity
added in the US since 2013.8
LIB will likely be the dominant choice for EES in the short run. That being said,
many believe that less expensive battery technologies designed specifically for grid level
EES will likely replace LIB in the future.9,10 LIB, like other solid-electrode battery
technologies, are assembled in enclosed form factors where all their essential
components, i.e. electrodes, electrolyte, membrane and current collectors, are tightly
sealed in cylindrical or pouch shapes. This compact design enables LIB to pack high
8
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capacity of charge into a small volume, which is critical for portable electronics and
electric vehicles. Nevertheless, it makes scaling the battery capacity costly because the
battery power (e.g. kW) and energy (e.g. kWh) are coupled to each other: increasing the
battery capacity, by enlarging the volume of cathode and anode, will also expand their
contacting surface area and hence the battery power. For long discharge time
applications, solid-electrode batteries need to be operated wastefully at a power far lower
than their rated power. For applications that require long discharge time but low power,
LIB and other solid-electrode batteries are too costly. In the next section, a battery
technology called ARFB will be introduced. It is designed specifically for large scale and
long duration EES applications by tackling this cost-effectiveness and inflexibility
challenge found in common solid-electrode batteries.

9
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1.3 Aqueous Redox Flow Batteries

Figure 1.4 | Schematic of an Aqueous Redox Flow Battery (ARFB). Schematic of cell
in charge mode. Cartoon on top of the cell represents sources of electrical energy from
wind and solar. Curved arrows indicate the direction of electron flow and white arrows
indicate electrolyte solution flow. [Mn/n-1] and [Pn/n+1] represent generic electroactive
materials dissolved in the negative and positive electrolyte, respectively. Blue arrow
indicates migration of cations across the membrane. Essential components of
electrochemical cells are labeled with color-coded lines and text. Figure modified based
on Figure 1 from Reference 11.
Figure 1.4 presents a general schematic of an ARFB. Contrary to a solid-electrode
battery, an ARFB can independently scale the power and energy components of the
system by storing the electro-active species outside the battery container itself.10–13 In a
flow battery, the power is generated in a device resembling a fuel cell, which contains
electrodes separated by an ion-permeable membrane. Liquid solutions of redox-active
species are pumped into the cell where they can be charged and discharged, before being
returned to storage in an external storage tank. The energy of an ARFB is determined by
the total volume and the concentration of its electrolyte stored in the reservoir, and its
10

Chapter 1 Introduction
power determined by the total area of electrodes in the electrochemical cell (stack). Due
to this decoupled energy and power, the cost of long duration EES can be potentially
much lower than solid-electrode batteries.

Figure 1.5 | Cost Comparison between Solid-electrode Batteries and Flow Batteries.
For low discharge time, power cost dominates total cost of flow batteries. As discharge
time increases, energy cost becomes the major cost component of flow battery systems,
which is expected to be lower than total system cost of solid-electrode batteries. Due to
coupled energy and power, the total system cost of solid-electrode batteries should be
similar to its single cell cost.

A simple illustration of cost comparison between solid-electrode batteries and
flow batteries is shown in Figure 1.5. For a short discharge time, the cost of flow batteries
is dominated by their power costs, which are much higher than solid-electrode batteries
due to their low power ratings (hence more costly power components are needed). As
discharge time (E/P ratio) increases, however, storage cost of ARFB becomes
increasingly dominated by its energy cost, which is essentially the electrolyte cost. Since
solid-electrode batteries have coupled energy and power components, which both scale
with capacity, their cost versus discharge time curve is nearly flat. Figure 1.6 further
11
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demonstrates the relationship between storage cost and discharge time (E/P ratio) of a
vanadium ion-based ARFB.14 At short discharge time (Figure 1.6a), the system cost is
primarily determined by its power component, i.e. membranes in each cell stack.
Increasing the discharge time from 15 minutes to 4 hours drastically affects the cost
breakdown; membrane cost is cut by nearly 20% while the chemical cost increased from
less than 10 percent to nearly 50% (Figure 1.6b).14

(a)

(b)

Figure 1.6 | Cost Component of a Vanadium Redox Flow Battery. (a) 1 MW/0.25
MWh system (b) 1 MW/ 4 MWh system. Figure obtained from Reference 14.

Besides improving the cost of storage, this decoupled power and energy design
also fundamentally improves cyclability, recyclability and safety perspectives of a
battery. During LIB cycling, lithium ions are transferred in and out of its intercalated
metal oxide hosts at the cathode and carbon-based hosts at the anode.15 This process
induces physical expansion and contraction of the electrodes and exerts high mechanical
stress both to the internal battery components and to the external packaging materials.15
These physical changes to the battery can be irreversible and lead to permanent electrode
damage and capacity loss. Electrodes in ARFB, however, function solely for charge
transfer purpose during battery cycling. As no chemical reaction and physical change
12
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happen to the electrode, it allows complete charging and discharging of the electro-active
material, known as deep cycling. Deep cycle of LIB can be achieved, but at the cost of a
significantly shortened life time of the battery due to aforementioned physical damage to
the electrodes. Besides, the electroactive materials of common ARFB remain dissolved in
aqueous solution throughout all state of charge, and no solid will form under normal
operation, which again prevents any physical damage to cell components. Overall, by
eliminating chemical reactions and physical change to the electrodes, the cycle lifetime of
ARFB is expected to be much longer than solid-electrode batteries.
Safety is another critical parameter for batteries particularly on an enormous scale
for grid level EES. LIB is notorious for its safety hazards. The most common source of
safety hazard for LIB is the thermal runaway. During battery cycling, solid lithium can
form at the anode; the dendritic form of lithium will pierce through battery separators,
make contact with the cathode and create short circuits.15 This localized shorting builds
up a high temperature which often leads to melting of battery packs and ignition of its
flammable organic electrolyte. In contrast, since the major portion of ARFB electrolyte is
water, it is not expected to catch on fire or explode.
Overall, ARFB is much more suited for large scale EES than other solid-electrode
batteries due to its potentially low cost, high cyclability, and safety. Over the past few
years, amid the rapid deployment of LIB-based EES systems, several multi-MWh scale
ARFB systems, utilizing unique chemistries of electrolyte, were deployed by companies
such as UniEnergy Technology, Energy Storage System, and Vionx Energy. The largest
scale ARFB, which is also the largest battery-based EES system, based on vanadiumbased electrolyte has been under construction in China since 2016. The system will be
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able to operate at 200 MW and store 800 MWh capacity once completed. In the next
section, aspects of ARFB development, including their electrolyte chemistry,
performance as well as several key challenges facing these ARFB systems will be
discussed.
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1.4 Development of ARFB Electrolyte
Since the invention of ARFB in the 1970s, their development has been focusing
on the performance of the electrolyte materials and ion-exchange membranes (IEM).
These two components not only dominate the cost of ARFB (as shown in Figure 1.6) but
also define battery performance. For the scope of this dissertation, the electrolyte aspect
of ARFB will be discussed in detail. The performance of IEM will be briefly examined in
Chapter 3.4.
When designing ARFB electrolyte materials, the following key parameters need
to be considered: 1) Battery voltage (Ecell). Ecell is defined by the redox potential (E) of
the positive electrolyte (posolyte) and the negative electrolyte (negolyte) (Equation 1.1).
In aqueous-based systems, the maximum battery voltage is confined to the stability
window of water. When the applied voltages are too positive or too negative, oxidation
and reduction of water will take place, respectively (Figure 1.7).16 Thermodynamically,
this stability voltage window of water is 1.23 V. Using various electrode materials and
shifting electrolyte pH will expand the kinetic stability window of water, by increasing
the overpotential of oxygen and hydrogen evolution.11 Discussion on water stability
window at different pH values will be provided in Chapter 3.5. Since metal ion-based
redox pairs have fixed reduction potentials at a given pH, the selection of posolyte and
negolyte materials is limited by the number of metal ions that fall within the stability
window (Figure 1.7).16

𝐸𝐶𝑒𝑙𝑙 = 𝐸𝑝𝑜𝑠𝑜𝑙𝑦𝑡𝑒 − 𝐸𝑛𝑒𝑔𝑜𝑙𝑦𝑡𝑒 ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation 1.1)
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Figure 1.7 | Standard Reduction Potential of Inorganic Redox Pairs. Kinetic stability
window of water on carbon electrodes is highlighted in red while green and yellow
shaded areas indicate overpotential of oxygen and hydrogen evolution, respectively.
Figure obtained from Reference 16.

2) Volumetric energy density (Wh/L). It measures how much capacity can be
stored in a given volume of electrolyte and indicates how big the tank size needs to be to
achieve a prescribed storage capacity. Based on Equation 1.2, this value is governed both
by the voltage of the battery and the average charge density (Ah/L) of posolyte and
negolyte. The term “m” in Equation 1.2 is the ratio between electrolyte concentration and
electron concentration and is determined by the number of electrons participating in the
redox reaction. For single electron transfer redox pairs, which is common for metal ions,
m is equal to 1. For a typical ARFB battery with the voltage around 1.2 V and the
concentration of electrolyte at 1.5 M, the energy density is roughly 25 Wh/L. Although
this value is an order of magnitude lower than solid-electrode batteries, it is not
considered to be a critical issue for stationary storage application when marginal increase
in tank size has limited effect on the cost of the ARFB system. Nevertheless, a further
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increase in volumetric energy density can be achieved through improvement of battery
voltage and electrolyte concentration.
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∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation 1.2)

3) Membrane crossover. During ARFB cycling, the posolyte and negolyte are
pumped into the electrochemical cell. Conducting ions, such as H+, Na+, or Cl-, migrate
across the IEM to couple with electron transfer. Ideally, depending on the mode of the
IEM, only positively charged or negatively charged counter ions are expected to migrate
across the membrane. In reality, common metal ions used for ARFB have hydrodynamic
radii on the order of several angstroms which is ten times smaller than the average pore
size of typical IEM.17,18 As a result, they will also permeate through the membrane
irreversibly due to the large concentration gradient. The rate at which these species
migrate through a porous membrane can be measured using Equation 1.3 which is
derived from Fick’s law. CD and CA are the concentration of donating side and accepting
side, respectively, which can be measured using common spectroscopic or
electrochemical techniques. VA is the volume of the accepting side; A and l are the surface
area and the thickness of the membrane. By plotting natural log of concentration change
(ln[CD/(CD-CA)]) aginst time, the diffusivity (D, cm2 s-1) of a given species can be
determined based on the slope of the curve.
Membrane crossover of redox-active species has two impacts on battery
performance, causing either battery capacity fade due to continuous loss of redox-active
molecules, or blockage of IEM transport channel and hence an increase in system
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resistance.19–21 Membrane crossover issue has been one of the most critical challenges for
metal ion-based ARFB systems. Nevertheless, it is rather difficult to design an entirely
inorganic system to address the crossover issue due to the inflexible hydrodynamic radii
of redox active metal ions.17,22 Therefore, for current metal ion-based ARFB, key
research focus has been on modification of IEMs, by increasing their thickness (thicker
the membrane, slower the crossover rate) and by modifying their internal morphology to
hinder the diffusion of redox-active species.18,23–26 Later in Chapter 3, redox-active
organic molecules will be demonstrated to show how functionalization of their backbone
structures can lead to significantly reduced membrane crossover rate.

ln (𝐶

𝐶𝐷

𝐷 −𝐶𝐴

)=

𝑫∙𝐴
𝑉𝐴 ∙ 𝑙

𝑡 ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation 1.3)

Table 1.3 | Kinetic Rate Constant ko of Inorganic Redox Pairs.a
Redox Pairs
Fe3+/2+
Cr3+/2+
VO2+/VO2+
V3+/2+
Br2/Bra

Transfer
Coefficient, α

Redox Kinetics,
ko (10-5 cm s-1)

Electrodes

0.59

2.2

Au (poly)

0.55

1.2

Au (111)

~0.5

20

Hg

0.42

0.03

Graphite

0.3

0.1-0.3

Carbon

~0.5

400

Hg

0.35

1700

Pt (poly)

0.46

58

Vitreous carbon

Table modified based on Table 2 from Reference 27.
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4) The last key fundamental aspect of ARFB electrolyte materials is their kinetic
reduction rate constant (ko). ko measures the rate at which electron(s) transfers from or to
the redox-active molecules at the surface of electrodes with no mass transport limit.27
This rate can be affected both by the redox-active molecules (outer-sphere vs. innersphere charge transfer) and the electrodes (their material types). Table 1.3 summarizes
the experimental ko values of common ARFB redox pairs at different electrodes. Detailed
experimental methods of measuring ko will be discussed later in Chapter 3.3. Studies
have shown that, assuming normal operating condition and battery performance (1.5 V
battery voltage, 50 mA cm-2 current density, 80% round-trip energy efficiency, i.e.), the
minimum value of ko should be in the order of 10-5 cm s-1.27 If the ko is much lower than
that minimum value, either the cell power density needs to be adjusted down to maintain
a sufficient round-trip energy efficiency, i.e. 80%, or the surface area of the electrode
needs to be much increased. Catalysts or different electrode materials could also be used.
Besides these four fundamental aspects discussed above, other factors such as
chemical stability, cost, electrolyte viscosity, and choice of supporting electrolyte are also
critical to ARFB performance, depending on the exact electrolyte chemistry and ARFB
systems. Guided by these requirements, several inorganic all-flow and flow-non-flow
hybrid ARFB systems have been extensively researched and commercialized over the
past decades. To date, the state-of-the-art and the most commercialized ARFB is an allvanadium redox flow battery (VRFB), which will be briefly discussed below. Much
thorough summary of other ARFB chemistry can be found in these review articles by
Wang et al., Leung et al., and Weber et al.27–30
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Vanadium ions have three pairs of redox couples in aqueous solution (V2+/3+,
V3+/4+ and V4+/5+), which all reside within the stability window of water (Figure 1.7). The
well-separated standard reduction potential of V2+/3+ and V4+/5+ redox pairs make them
good candidates as negolyte and posolyte materials, respectively. Their half-reaction
potential (vs. standard hydrogen electrode, SHE) and overall Ecell are shown in Equation
1.4 – 1.6. The electrolytes are prepared by dissolving vanadium ion in a highly acidic
supporting electrolyte; typically the solubility is limited by V2O5 (V5+) side to 1.7 M in
sulfuric acid. This electrolyte concentration sets system energy density to roughly 28
Wh/L according to Equation 1.2. Recent effort of using mixed acid, i.e. sulfuric acid +
hydrochloric acid, has successfully increased the solubility to beyond 2.5 M.31
The most significant advantage of VRFB is the use of the same element on both
sides of electrolytes. As discussed previously, electro-active species crossover is a critical
challenge for both the design of electrolyte materials and IEMs. For VRFB, vanadium
ions will still migrate to the opposite side during cell cycling; however, the full capacity
can be recovered through electrochemical charging and discharging the migrated species
back to its proper oxidation state.25,31

𝑃𝑜𝑠𝑜𝑙𝑦𝑡𝑒: 𝑉𝑂2 + + 𝐻 + + 𝑒 − ⇄ 𝑉𝑂2+ + 𝐻2 𝑂, 𝐸 𝑜 = 1 𝑉 ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation 1.4)
𝑁𝑒𝑔𝑜𝑙𝑦𝑡𝑒: 𝑉 3+ + 𝑒 − ⇄ 𝑉 2+ , 𝐸 𝑜 = − 0.26 𝑉 ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation 1.5)
𝐸𝑐𝑒𝑙𝑙 : 𝑉𝑂2 + + 𝐻 + + 𝑉 2+ ⇄ 𝑉 3+ + 𝑉𝑂2+ + 𝐻2 𝑂, 𝐸𝑐𝑒𝑙𝑙 = 1.26 𝑉 ∙∙∙∙∙∙∙∙∙∙ (Equation 1.6)
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Figure 1.8 | Commodity Price of Battery Electrode Materials. Figure obtained from
Reference 32.

Although VRFB has been the most developed ARFB systems to date, several
challenges still need to be addressed for its commercialization. The biggest challenge is
its high chemical cost. Figure 1.8 illustrates the changing cost of V2O5, lead, and lithium
over the past decades.32 V2O5 not only showed much higher price compared with other
battery electrode materials, but it also showed a huge price fluctuation. There are also
several technical issues associated with the vanadium chemistry. When system
temperature exceeds 40 oC, which is a normal operating temperature for power systems,
V2O5 will precipitate out of the solution and lead to reduced battery capacity and cycle
life. As a consequence, an effective thermal regulation system is required for the entire
battery system.27 To achieve high solubility, strongly acidic supporting electrolyte is
required, e.g. > 3 M H3O+. This high level of acidity makes the electrolyte highly
corrosive and sets an additional requirement for container and sealing materials for safety
concern. On top of the corrosive electrolyte, the toxicity of V2O5 species also poses a
potential environmental hazard.
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To lower the chemical cost, researchers started to develop alternative systems
that utilized many abundant inorganic precursors, such as all-iron hybrid ARFB and zincbromide hybrid ARFB systems. Despite their claimed improvement in cost, these systems
usually suffer from low system power density due to electroplating of iron (Fe2+ to Fe0)
and zinc (Zn2+ to Zn0) at the negolyte.33 Formation of these solid during cell cycling
damages the power component, i.e. electrode and membrane, and reduces the longevity
of ARFB. Additionally, for zinc-bromide systems, toxic bromine species will form in the
posolyte, which raises serious safety and environmental concerns for this system.
To address all these issues with all-inorganic systems is deemed challenging.
Over the past several years, researchers have started to explore ARFB electrolyte based
on redox-active organic species and have demonstrated very promising battery
performance.11,30,32,34,35 One particular family of molecules that drew much attention is
called quinones. The first high-performance metal-free ARFB based on an aqueous
soluble quinone derivative, i.e. 9,10-anthraquinone-2,7-disulfonic acid (AQDS), was
demonstrated in 2014.34 Subsequent studies have shown high battery performance
rivaling that of the state-of-the-art inorganic ARFB systems. These findings of organic
molecules delivered promising results by addressing many critical issues involved with
metal ions, such as their high chemical cost, high membrane crossover, and sluggish
kinetics.
In Chapter 2 of the thesis, an overview of the design principles of quinone-based
electrolyte materials will be discussed. In Chapters 3 and 5, two alkaline ARFB systems
based on alkali-soluble anthraquinone and alloxazine derivatives, respectively, will be
demonstrated. Rational design of these electrolyte materials is provided, along with
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electrochemical studies of their full-cell performance by pairing them with alkalicompatible ferri/ferrocyanide redox pair. In Chapter 4, semiquinone (a singly reduced
quinone intermediate during cell cycling) formation in alkaline condition, its
characterization using electron spin resonance (ESR), and its impact on cell cycling
performance will be presented.
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Chapter 2 Quinone-based Electrolyte for ARFB
2.0 Abstract
Quinone is a charge transfer moiety commonly found in biological systems, such
as in coenzyme Q10, and vitamin K family. Although the electrochemical properties of
quinones have been extensively studied in the literature, few studies have attempted to
utilize quinone derivatives as ARFB electrolyte materials for energy storage. It could be
partially due to its poor solubility, non-ideal reduction potential, and low chemical and
electrochemical stability in aqueous solution. In this chapter, the properties of quinonebased redox system will be first discussed, followed by synthetic strategies to design
appropriate quinone derivatives for ARFB electrolytes.
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2.1 Quinone Properties

Figure 2.1 | Quinone Structure and Redox Reaction. (a) Structures and nomenclature
of common quinone family. Substitution positions are labeled numerically in pink color.
(b) Scheme of BQ reduction in acidic solution. The semiquinone intermediate is rapidly
reduced upon its formation to the hydroquinone form in acidic media.

Quinones can be classified into three common families depending on its number
of aromatic rings: benzoquinone (BQ, 0 rings), naphthoquinone (NQ, one ring), and
anthraquinone (AQ, two rings) (Figure 2.1a). Selected examples of quinones in each
family are shown in Figure 2.2a.36 Despite their structural variation, they share the same
redox process: in acidic solution, quinone undergoes rapid two-electron-two-proton
reduction to yield hydroquinone (Figure 2.1b). This process is referred to as protoncoupled electron transfer (PCET).26 Deviation from this concerted pathway, i.e. two-step
single-electron reduction via a semiquinone intermediate, can take place when solution
pH, quinone structures, and the nature of the solvent are varied.38–41 For the scope of the
discussion in this section, only the PCET process is considered. Non-PCET processes
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will be discussed later in Chapter 4. Due to this two-electron process, quinone-based
electrolyte doubles its volumetric charge density, compared with vanadium-based or
other common inorganic electrolyte prepared at the same electrolyte concentration.

(a)

(b)

Figure 2.2 | Molecular Structure and Reduction Potentials of Quinones. (a) Selected
examples of BQ, NQ and AQ derivatives. (b) Theoretical calculation of BQ, NQ, and AQ
with different substituent R groups. Figure from Reference 36.

Additionally, for inorganic species, their reduction potentials are fixed at a given
pH. Quinone derivatives, however, display a broad range of reduction potential in
aqueous solution, which can be tuned through modification of their molecular
structures.11,34,36,42 Both experimental and high-throughput computational studies have
been carried out to evaluate the structural-property relationship of quinones. In general,
their reduction potential can be affected by two factors: 1) the combined electronic effect
from functional groups around quinone moiety, and 2) the relative position of the
quinone’s two ketone groups. For instance, 1,4-isomer of BQ has a reduction potential of
0.286 V (all the potential in this section is measured against SHE at pH 7, unless
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specified otherwise).42 Changing the structure to 1,2-BQ causes a positive potential shift
by 80 mV (Figure 2.3). A similar degree of positive change is also observed between 1,2NQ and 1,4-NQ isomers. Addition of electron-withdrawing groups (EWG) such as
chloro-groups also increases quinone reduction potential; tetrachloro-substituted 1,2BQCl4 shows a 50 mV increase in potential versus 1,2-BQ. Contrarily, when electrondensity is added to the quinone moiety, either by attaching conjugated rings or electrondonating groups (EDG), the reduction potential of quinone shifts negatively. 1,4-NQ has
a much negatively shifted potential of 58 mV, compared to 1,4-BQ’s 286 mV. Addition
of another ring to make 9,10-AQ further negatively shifts the quinone reduction potential
to – 280 mV. These trends of the reduction potential shift from BQ to AQ and from the
most EDG (-NH2) to the most EWG (-NO2) can be visualized in Figure 2.2b.36

Figure 2.3 | Reduction Potentials of Quinone Derivatives. Schematic illustration of
various quinone reduction potential measured against SHE reference electrode at pH 7
aqueous solution.42

Overall, based on their relative reduction potential, BQ derivatives is considered
suitable as posolyte and AQ derivatives as negolyte materials. Functionalization of BQ
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and AQ with appropriate EWG and EDG are necessary to further shift their potential
before reaching water splitting voltage (Figure 2.3).
Aside from the advantageous two-electron process and tunable reduction potential
of quinone systems, it is also necessary to emphasize two critical aspects of the design of
organic-based electrolyte: their water solubility and chemical stability. The low
concentration of uncharged aromatic compounds in aqueous media is indeed amongst the
biggest challenges in designing organic-based electrolyte for ARFB. For instance,
unsubstituted 1,4-BQ has a solubility of approximately 0.1 M in water; its solubility
significantly drops when more aromatic rings are added. Both unsubstituted 1,4-NQ and
9,10-AQ are sparingly soluble in water. Their solubility will drop even further when
supporting ions, e.g. Na+, K+, or Cl-, are added to the electrolyte to maintain sufficient
electrolyte ionic conductivity. To achieve a practical electrolyte concentration, which
should be at least in the order of 0.5 M (1 M electron concentration), highly ionizable
functional groups are used to modify quinone backbone. For instance, amino groups (NH2) are typically used in highly acidic media, where they get protonated into
ammonium cations. Carboxylic acid (-COOH) is a weak acid and has a pKa around 5; it
is converted to water-soluble carboxylate anions at alkaline pH. Other non-acidic and
basic functional groups, such as sulfonate (-SO3C) and tetra-alkyl ammonium (-NR3+A),
where C and A represents counter cations and anions, respectively, can be used across all
pH range. Depending on the specific synthetic route and reagents, more than one
solubilizing group can be tethered to the quinone backbone to further enhance its
solubility. Several detailed strategies for quinone functionalization are discussed in the
next section.
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The chemical stability of organic molecule-based electrolyte is yet another critical
issue that needs to be analyzed and addressed. Herein, the stability refers to both the
chemical and electrochemical stabilities of the molecules, which is commonly identified
by the rate at which their oxidized, reduced, and mixed state-of-charge forms react with
their environment (e.g. oxygen, or gasket), supporting electrolyte or themselves. A high
decomposition rate will directly impact battery capacity, its longevity, and applicability
for real world usage. In fact, the poor stability of organic molecules is currently the
biggest technical challenge for non-aqueous RFBs, where organic solvents, such as
acetonitrile, are used to dissolve redox-active organic molecules.43–46 Exposure of
electrolyte to oxygen, water or even self-generated radicals species during battery cycling
induces side reactions and causes rapid battery capacity fade, which currently renders
non-aqueous RFBs impractical for large scale applications.43,47 Quinones in aqueous
systems are much more stable than in organic systems due to its concerted radical-free
redox process. Depending on the exact structure of quinone, however, they can still
undergo side reactions. Despite that researchers can predict rather accurately about the
reduction potential of a quinone based on its structure, it is rather challenging to
quantitatively determine the stability and lifetime of a given molecule using computation
methods. Insight from organic chemistry and literature studies are typically used as a
general guide to judge the reactivity, and hence the stability, of quinone towards
surrounding environment based on their structures.
In aqueous solution, the most likely side reaction is hydrolysis which is catalyzed
by the presence of hydroxide ions (OH-) under alkaline condition or hydronium ions
(H3O+) under acidic condition. Therefore, hydroquinone (reduced form) is expected to be
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more resistance toward this side reaction than quinone (oxidized form) due to its stable
aromatic ring(s). 9,10-AQ backbone is expected to be much more stable than BQ due to
its higher electron density and protected quinone moieties. The instability of BQ in
aqueous environment has been reported by several literature studies.48–52 For instance, the
first BQ-based ARFB work was published in 2009, which utilized a BQ derivative called
Tiron (sodium 4,5-dihydroxybenzene-1,3-disulfonate, Figure 2.4a) as the posolyte and
Pb/PbSO4 as negolyte material.49 The combination of 1,2-BQ isomeric form and two
solubilizing EWG sulfonate (as discussed previously) made Tiron an ideal posolyte
material, which showed a reduction potential at 0.9 V at pH 0. However, the oxidized
form of Tiron (O-Tiron, B from Figure 2.4a) underwent hydrolysis. The authors observed
that during first charging cycle (to oxidize Tiron and to reduce Pb2+), twice the amount of
charge (4 electrons per quinone molecules instead of supposedly 2 electrons) was
consumed.49 The number of electrons of subsequent cycles, however, matched the
theoretical values again. Additionally, they also noticed a drop in battery voltage from
1.25 V, which is the expected voltage based on the potential of tiron (0.9 V) and
Pb/PbSO4 (– 0.35 V), down to 1 V. The team proposed, and later confirmed with
spectroscopic studies, that Tiron (A) first underwent two-electron-two-proton oxidation
to generate O-Tiron (B), which then reacted with water via Michael Addition (MA) to
yield a hydroxylated Tiron derivative (C).49,50 This chemical then underwent another twoelectron-two-proton oxidation process to finally yield the stable form of hydroxylated OTiron (D). Therefore, 4 electrons per O-Tiron molecule were consumed to generate D
during the first cycle. Due to the addition of an EDG and the isomerization from 1,2-BQ
to 1,4-BQ, the potential of D negatively shifted to 0.72 V, which reduced the battery
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voltage to 1 V (Figure 2.4b). Although other researchers have attempted to address this
instability issue by using different BQ derivatives, not much improvement in reduction
potential and battery performance were observed.53

(a)

(b)

Figure 2.4 | Decomposition Scheme and Cell Cycling of Tiron. (a) Decomposition
mechanism of Tiron (A) in water. Upon oxidation, O-Tiron (B) undergoes Michael
addition by water at its 4-position to generate the hydroxylated hydroquinone form. The
subsequent redox reaction takes place between hydroxylated 1,4-H2BQ (C) and 1,4-BQ
(D) at a less positive reduction potential due to the addition of an EDG hydroxyl group.
(b) Charge-discharge profile (a plot of cell voltage vs. time) of a Tiron-Pb/PbSO4 ARFB
cycled by a constant current. The charge and discharge capacity is directly proportional to
the total time for each corresponding cycle. The higher voltage and longer cycling time
for the first charge cycle are due to the four-electron oxidation of Tiron, illustrated in (a).
The proceeding discharge and charge cycles follow two-electron oxidation and reduction
between C and D. Both Figures obtained from Reference 49.

Apparently, designing a posolyte material based on BQ is fundamentally
constrained by the trade-off between high reduction potential and high susceptibility
toward hydrolysis. Specifically, to positively shift the reduction potential of a given
quinone posolyte material, it requires functionalization of quinone backbone with strong
EWG. Increasing the number of EWG, however, makes quinone more electrophilic and
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hence more susceptible toward hydrolysis. Contrarily, the design of AQ derivatives for
negolyte do not exhibit this inherent conflict, when lowering its reduction potential will
actually improve both its stability against nucleophilic side reactions and expand the
battery voltage.
Ultimately, the knowledge of tuning reduction potential, analyzing chemical
stability, and adding water solubility need to be combined with simple and scalable
synthetic strategies to achieve cost-effective designs of quinone electrolyte. In the next
section, specific methods and examples to functionalize quinone backbones with desired
substituent groups will be illustrated.
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2.2 Quinone Functionalization
There are two general approaches to functionalize quinone: A) by directly
attaching functional groups onto quinone backbones, and B) by pre-functionalizing
quinone precursors with functional groups followed by “annealing” them to form quinone
moiety. Depending on the specific structure of quinone backbone and the functional
groups to be put on, either or both of these two approaches may be used.

Figure 2.5 | Reaction Scheme of AQ Sulfonation. Sulfonation of AQ is commonly
carried out in the presence of fuming sulfuric acid. The resulting singly and doubly
sulfonated AQ, i.e. AQS and AQDS respectively, can be separated via selective
precipitation.

Figure 2.5 illustrates one of the most common and straightforward synthetic
strategies to make water-soluble AQ derivatives via sulfonation reaction (Approach A).
During this reaction, both singly and doubly sulfonated AQ, i.e. AQS and AQDS
respectively, will be produced. The ratio between AQDS and AQS can be controlled
based on the reaction temperature, time, stoichiometric ratio of SO3, etc. Since AQDS
and AQS have a slightly different reduction potential and solubility, separation of these
two products is necessary, and is often carried out via selective precipitation of AQS in
NaCl or KCl solution. Using this facile approach, other AQ derivatives, such as 1,8-
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dihydroxyanthraquinone (1,8-DHAQ) and 1,2-dihydroxyanthraquinone (1,2-DHAQ),
have been sulfonated to produce their corresponding singly or doubly sulfonated
products, which are commonly used as dye materials.34
Both AQDS and AQS, in their acid form, showed very high solubility, i.e.
maximum 1.5 M electrolyte concentration or 3 M electron concentration in 1 M H2SO4
acid supporting electrolyte, which almost doubles the charge density of vanadium-based
electrolyte.34,54 However, the issue of sulfonate groups as well as most other solubilizing
groups, e.g. phosphonate, carboxylate, etc., is their electron-withdrawing nature, which
positively shifts the reduction potential of quinones. Two sulfonate groups raised AQDS
reduction potential to 0.21 V vs. SHE at pH 0, an 80 mV increase compared with
unsubstituted AQ. Even singly sulfonated AQS showed 57 mV increase vs. AQ.
Researchers have built a metal-free ARFB by coupling AQDS, as negolyte material, with
an inorganic Br2/HBr redox pair, as posolyte material.34 Although Br2/HBr has a standard
reduction potential of 1.08 V at pH 0, which is slightly higher than V4+/5+, the overall
battery showed an Ecell value of only 0.87 V, far lower than 1.26 V of VRFB, due to the
much higher AQDS reduction potential.
In order to further expand the battery voltage, EDG are required to functionalize
quinone backbone. However, most EDG such as mercaptan, methoxy, and alkyl groups
are poor solubilizing groups. One alternative strategy to circumvent this conflict is to
decouple the solubilizing ability from the electronic properties of the functional groups
by indirectly attaching solubilizing groups to the AQ. Two different approaches can be
applied (Figure 2.6). The first approach exploits nucleophilic functional groups on the
AQ backbones. These nucleophiles can react with a sulfonated alkyl halide, i.e. sodium
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bromopropane-1-sulfonate, via nucleophilic substitution reaction. Contrary to the
sulfonation reaction shown in Figure 2.5, the solubilizing sulfonate groups are now
indirectly tethered to the AQ backbone via an EDG, separated by short alkyl chains. Due
to the disconnected conjugation between sulfonate groups and AQ, the electronwithdrawing property of sulfonate groups is not expected to positive shift AQ reduction
potential.

Figure 2.6 | Reaction Scheme of AQ Indirect Sulfonation. (a) O-alkylation of 2,6DHAQ by attaching sodium 3-bromopropane-1-sulfonate to its hydroxyl groups. (b)
Friedel-Crafts acylation reaction between dichloromaleic anhydride and 1,4dihydroxynaphthalene in AlCl3:NaCl molten salt followed by nucleophilic substituted by
sodium 2-mercaptoethane-1-sulfonate to afford the disulfide functionalized 1,4dihydroxyanthraquinone.

For preliminary testing, 2,6-DHAQ was treated with sodium 3-bromopropane-1sulfonate in the presence of potassium carbonate and DMF and reacted under reflux
condition for 12 hr (1HNMR spectra shown in Figure 2.7). The resulting O-alkylated 2,636
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DHAQ showed an approximately 130 mV negative shift in reduction potential vs. AQDS,
due to the replacement of sulfonate groups with electron-donating ether groups (Figure
2.8). The solubility of the alkylated 2,6-DHAQ, in its protonated form, is at least 1 M in 1
M H2SO4.

*

*
a)

*

b)

Figure 2.7 | 1HNMR Spectra of Alkylated DHAQ. 1H NMR (500 MHz, DMSO-d6)
spectra. (a) 2,6-DHAQ δ: 10.98 (s, 2H, 2 x ArOH), 8.03 (d, 2H, J = 8.5 Hz, 2 x ArCH),
7.45 (d, 2H, J = 2.6 Hz, 2 x ArCH), 7.17 (dd, 2H, J = 8.5, 2.6 Hz, 2 x ArCH). (b).
Alkylated 2,6-DHAQ δ: 7.39 (d, 2H, J = 8.4 Hz, 2 x ArCH), 6.82 (m, 4H, 4 x ArCH),
3.95 (t, J = 6.3 Hz, 4H, CH2), 3.04 – 2.89 (m, 4H, CH2), 2.18 – 2.01 (m, 4H, CH2).
Solvent peaks are labeled with asterisks.
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Figure 2.8 | Cyclic Voltammetry Study of Alkylated 2,6-DHAQ at pH 0. CV graph of
alkylated 2,6-DHAQ (Figure 2.6a). Scanned at 10 mV s-1 on glassy carbon electrode. The
blue dashed lines indicate its standard reduction potential of 80 mV vs. SHE at pH 0. The
orange dashed line indicates the reduction potential of AQDS. The arrows indicate CV
scan direction.

This indirect attachment of solubilizing group can also be achieved by annealing
two molecules into a quinone moiety followed by indirect sulfonation (Approach B,
Figure 2.6b). 2,3-dichloromaleic anhydride was first reacted with 1,4dihydroxynaphthoquinone (1,4-DHNQ) via Friedel-Craft Acylation (FCA). The resulting
quinone then underwent electrophilic substitution by sodium 2-mercaptoethane-1sulfonate (a commercial drug with the trade name Mesna) to afford disulfidefunctionalized 1,4-DHAQ (2,3-DSSA, 1H NMR in Figure 2.9). Despite that the AQ
backbone now has four EDG (two -OH, and two -SH groups), no significant negative
shift in reduction potential was observed as compared with O-alkylated 2,6-DHAQ
presented in Figure 2.8. Interestingly, due to the presence of two redox-active moieties,
2,3-DSSA displayed two well-separated CV peaks (Figure 2.10). The central quinone
showed a standard reduction potential of – 80 mV at pH 0, while the 1,4-hydroquinone
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moiety showed a large peak separation with a mid-potential of 0.95 V. Both the reduction
potential values and the shape of these CVs matched well with literature results of similar
CV studies of 1,4-DHAQ derivatives.55 The large hysteresis for the hydroquinone CV
curve was likely due to the instability of the oxidized BQ form in the presence of
nucleophiles, suggested by literature studies.52,55 This again, reinforced the poor stability
of BQ in aqueous environment. Nevertheless, 2,3-DSSA could still be used as a negolyte
material, when only its low potential region was accessed during cell cycling, and its
hydroquinone moiety remained intact.

a)

*

b)

Figure 2.9 | 1HNMR Spectra of Sulfide-substituted DHAQ. (a) 1H NMR (500 MHz,
CD2Cl2) spectrum of 2,3-DCAQ δ: 13.28 (s, 2H, 2 x ArOH), 8.28 (dd, 2H, J = 5.8, 3.3
Hz, 2 x ArCH), 8.01 (dd, 2H, J = 5.8, 3.3 Hz, 2 x ArCH). (b) 1H NMR (500 MHz, D2O)
spectrum of 2,3-DSSA: δ 7.61 (dt, 2H, J = 7.2, 3.6 Hz, 2 x ArCH), 7.56 (dt, 2H, J = 5.7,
3.6 Hz, 2 x ArCH), 3.35 – 3.18 (m, 4H, CH2), 3.16 – 2.94 (m, 4H, CH2). Solvent peaks
are labeled with asterisks.
39

Current Density (mA cm-2)

Chapter 2 Quinone-based Electrolyte for ARFB
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8

80 mV
1.13 V

0.76 V

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Voltage (V vs. SHE)
Figure 2.10 | Cyclic Voltammetry Study of 2,3-DSSA at pH 0. CV graphs of 2,3DSSA measured at two voltage regions. Scanned at 10 mV s-1 on glassy carbon electrode.
The purple dashed lines indicate its standard reduction potential of 80 mV vs. SHE at pH
0. The pink dashed lines indicate potential at peak current density. The background CV of
Mesna is shown as a gray dashed trace, which indicates no redox-activity. The arrows
indicate CV scan direction.

These indirect methods not only address the conflict between solubilizing
capability and electronic-withdrawing properties of functional groups, but they also
enable much simpler synthetic routes and provide access to more solubilizing groups to
be attached to AQ backbones. For instance, it is synthetically complicated to attach
phosphate or carboxylate onto AQ backbones directly. Instead, alkyl halides with
tethered phosphonate and carboxylate can readily react with hydroxylated AQ via
Approach A. Examples of alkylated anthraquinone with carboxylic acid functional
groups will be demonstrated later in Chapter 4.
This section serves the purpose of showing several common strategies to
functionalize AQ to achieve high solubility and low reduction potential. In the following
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chapters, full cell cycling of these organic molecule-based electrolyte materials will be
discussed to provide a more thorough picture of how the design of redox-active organic
molecules translates into battery performance and vice versa. The insight from these
studies will lead to more viable organic-based electrolytes to advance the development of
ARFB.
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3.0 Abstract
Over the past decades, the development of redox flow battery has been focusing
on metal ion-based redox-active species dissolved in highly acidic supporting electrolyte.
The high corrosivity of those electrolyte materials poses a serious challenge to the
chemical stability of various battery components and a threat to the environment. In this
chapter, I will introduce an alkaline flow battery based on redox-active quinone
molecules that are composed entirely of earth-abundant elements and are non-toxic, nonflammable, and safe for use in residential and commercial environments. The battery
operates efficiently with high power density near room temperature. These results
demonstrate the stability and performance of redox-active organic molecules in alkaline
flow batteries, potentially enabling cost-effective stationary storage of renewable energy.
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3.1 Anthraquinones for Alkaline System
As discussed previously, AQDS and AQS are amongst the most soluble AQ
derivatives in acidic solution. However, they are barely soluble at alkaline conditions.
Additionally, the electron-withdrawing nature of its sulfonate groups being directly
attached to the AQ backbone positively shifted the reduction potential. When pairing it
up with ferri/ferrocyanide, which has a reduction potential of 0.5 V (all the potential
shown in this chapter are measured at pH 14 against SHE unless specified otherwise), the
overall battery open circuit potential (OCP) is only 0.8 V, far lower than that of VRFB
systems. Alternatively, indirect sulfonation approach introduced in Chapter 2.2 can be
utilized to improve the battery voltage in alkaline condition. Figure 3.1 illustrated the CV
of alkylated 1,8-DHAQ and 1,2-DHAQ, which exhibited much negatively shifted
reduction potential vs. AQDS (orange dash line). Although the solubility of these
alkylated DHAQ derivatives is still unpractically low due to the poor solubilizing
capability of sulfonate groups in alkaline solution, more suitable alkali-soluble functional
groups such as carboxylate can be installed via similar alkylation reaction to improve AQ
solubility.
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a)

b)

Figure 3.1 | Cyclic Voltammetry Study of Alkylated AQs at pH 14. (a) alkylated 1,8DHAQ. (b) Alkylated 1,2-DHAQ. Both scanned at 10 mV s-1on glassy carbon electrode.
The dotted lines indicate standard reduction potential. The orange dashed line indicates
the reduction potential of AQDS. The arrows indicate CV scan direction.

Besides these alkylated DHAQs, alternative strategies were also explored to
achieve high electrolyte concentration of AQs and further negatively shifted their
reduction potential. We found that hydroxylated AQs, despite their poor solubility in
acidic and neutral media, can be deprotonated into alkoxides under highly alkaline
condition, which render the molecules water soluble. Depending on the total number,
position, and the pKa values of these hydroxyl groups, the solubility of the AQ
derivatives can vary significantly. The counter cations (Li+, Na+, or K+) of the
deprotonated alkoxides also affect AQ solubility. In general, these molecules have a
much higher solubility in their potassium salt form than in sodium or lithium form. A
summary of commercially available hydroxylated AQs with their experimental reduction
potential, pKa and solubility values in pH 14 KOH solution is shown in Table 3.1.
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Table 3.1 | Summary of Standard Reduction Potential (Eo vs. SHE) and Solubility of
Selected Hydroxylated Anthraquinone.

*

pKa values obtained from MSDS data sheet and Reference 56.
Determined by measuring the mass difference between dissolved and undissolved precipitate.
***
Quantitatively determined by 2,6-DHAQ UV-Vis calibration curve.
**

Amongst these hydroxylated anthraquinones, 2,6-DHAQ showed both the lowest
reduction potential at – 680 mV, and the highest solubility, due to its two highly acidic
hydroxyl groups (Figure 3.2 and Table 3.1). To carefully measure its room temperature
solubility in 1 M KOH solution, a standard calibration curve of 2,6-DHAQ solutions was
constructed (with the help from Alvaro Valle and Louise Eisenach) by comparing their
concentration and UV-Vis absorbance. Specifically, appropriate aliquots of 2,6-DHAQ
stock solution were added to 1 M KOH blank solution and their UV-Vis absorbance
spectra measured (Figure 3.3a). A saturated solution of 2,6-DHAQ in 1 M KOH was then
prepared by adding 2,6-DHAQ potassium salt into 1 M KOH solution until a thin layer of
precipitate formed; this saturated solution was diluted by known proportions, measured
by UV-Vis and interpolated its actual concentration based on the standard calibration
curve (Figure 3.3b). The room temperature solubility of 2,6-DHAQ was measured to be
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approximately 0.6 M. As the solution temperature was elevated to 40 oC, its solubility
reached above 1 M in 1 M KOH solution.

Figure 3.2 | Cyclic Voltammetry Study of 2,6-DHAQ and Ferri/ferrocyanide at pH
14. Cyclic voltammogram of 2 mM 2,6-DHAQ (dark cyan curve) and ferrocyanide (gold
curve) scanned at 100 mV/s on glassy carbon electrode; arrows indicate scan direction.
The dotted line represents cyclic voltammogram of 1 M KOH background scanned at 100
mV/s on graphite foil electrode.

Figure 3.3 | UV-Vis Standard Calibration Curve of 2,6-DHAQ. (a) UV-Vis spectrum
of various concentration 2,6-DHAQ solution. The dotted line indicates absorbance at λmax
= 412 nm (b) 2,6-DHAQ standard calibration curve of absorbance at 412 nm versus
concentration.
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3.2 pH-dependence of AQ Reduction Potential
The use of alkaline electrolyte exploits pH as a parameter to shift the reduction
potentials of AQs to more negative values. This proton-dependent shifting of reduction
potential can be illustrated using a Pourbaix diagram (Figure 3.4a), which is derived from
Nernst equation (Equation 3.1). Typically, the reduction of AQ proceeds via a concerted
two-electron-two-proton pathway in acidic media.37,38 When solution pH changes, both
the concentration of protons and the number of protons participated in the redox process
can change. To correlate the standard reduction potential (EpHo) of AQs to the
concentration of protons, Equation 3.1 is rearranged into Equation 3.2 where EpHo is now
a function of electrolyte pH. The y-intercept of the Pourbaix diagram is the AQ standard
reduction potential at pH 0; the slope of the curve is a constant whose value is governed
by the number of protons, n, and the number of electrons, z, participated in AQ reduction
reaction. As visualized in Figure 3.4a, in acidic solution where AQ undergoes twoelectron-two-proton reduction, the slope of the Pourbaix curve is – 59 mV per unit of pH
increase (mV∙pH-1). When electrolyte pH becomes greater than pKa1 but smaller than
pKa2 of reduced AQ, two-electron-one-proton reduction takes place and the slope of the
curve becomes – 29.5 mV∙pH-1. Ultimately when pH is greater than pKa2, the slope is
zero, since no proton is involved in the reduction of AQ. Each of these reduction
reactions can be found in Figure 3.5.
The Pourbaix diagram for each AQ derivatives provides useful information about
their pKa values of the reduced form of AQ. More importantly, it indicates whether the
redox process of AQ during cell operation will induce pH changes of the electrolyte. To
avoid a large pH change, it is ideal for the electrolyte to operate at a pH where the slope
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of its Pourbaix graph is zero. The alkaline region of 2,6-DHAQ Pourbaix diagram was
shown in Figure 3.4b. As the electrolyte pH increased above 11.7, the reduction potential
of 2,6-DHAQ became pH-independent, where the reduced species was generated in its
fully-deprotonated form. Therefore, no pH change should be expected during cell cycling
of 2,6-DHAQ.

𝐸 = 𝐸𝑜 −

𝑅𝑇
𝑧𝐹

[𝐴𝑄][𝐻 +]

ln (

𝐸𝑝𝐻 𝑜 = 𝐸 𝑜 𝑝𝐻=0 −

a)

𝑛

[𝑟𝑒𝐴𝑄]
0.059𝑛
𝑧

) ; 𝑧 = 𝑛𝑜. 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠, 𝑛 = 𝑛𝑜. 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛𝑠 ;∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation

3.1)

𝑝𝐻 ; ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation

3.2)

b)

Figure 3.4 | Pourbaix Diagrams of AQ. (a) A general representation of AQ reduction
potential versus electrolyte pH. When pH is below pKa1, the slope of Eo vs. pH is – 59
mV / ∆pH; when pH is between pKa1 and pKa2, the slope is – 30 mV / ∆pH; when pH is
greater than pKa2, the slope is zero. (b) Pourbaix diagram of 2,6-DHAQ. Above pH
~11.7, the equilibrium potential of 2,6-DHAQ is pH-independent, indicating that both
oxidized and reduced form are fully deprotonated. The solid line is linear fit to the data
between pH 10 and 12; the dashed line is not a fit, but zero slope.
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Figure 3.5 | AQ Reduction Scheme at Various pH Values. In aqueous reaction,
reduction of AQ can proceeds via (a) a two-electron-two-proton, at pH < pKa1, (b) a twoelectron-one-proton pathway, at pKa1 < pH < pKa2, and (c) a two-electron-zero-proton
pathway, at pKa2 < pH of reAQ.

Contrary to the pH-dependent electrochemical behavior of AQ derivatives, the
ferri/ferrocyanide redox couple has a pH-independent redox potential as no proton was
involved in its reduction reaction. This contrasting pH-dependence can be exploited
through the development of low reduction potential quinone at high pH.
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3.3 Electrochemical Studies of Anthraquinones
Besides the reduction potential, another basic electrochemical property of redoxactive molecules is the kinetic reduction rate constant, ko. This term was introduced
earlier in Chapter 1.4, during the discussion of various critical aspects of ARFB
electrolyte materials. The value should be at least in the order of 10-5 cm s-1 to avoid
significant impact on electrodes and battery performance, e.g. limits its current density
and energy efficiency. In this section, calculation of ko based on rotating disk electrode
technique (RDE) will be briefly discussed.

Figure 3.6 | Schematic of a Rotating-disk Electrode (RDE). This RDE setup is similar
to a common CV setup, where a working electrode (WE), a counter electrode (CE) and a
reference electrode (RE) are submerged into an AQ solution. During RDE measurement,
the WE is rotating at a prescribed speed controlled by a motor (rotation motion indicated
by the black arrow). This rotation creates a vortex which brings the mass of unreacted
AQ molecule to the electrode surface (indicated by the red arrow).

A schematic of RDE is shown in Figure 3.6. RDE is similar to a regular threeelectrode CV setup, except that the working electrode rotates at a set rate during
measurement. This rotation motion brings the mass of unreacted redox-active molecules
to the surface of the electrode and forces reacted product to diffuse away (indicated by
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the red arrow in Figure 3.6).57 Depending on the rotating speed, ω, a hydrodynamic
boundary layer of various thickness is formed at the surface of the electrodes. Within this
boundary layer, a steady-state concentration of reagent (constantly flowing in) and
product (constantly flowing out) is established, which gives rise to a diffusion-control
limiting current, il.c. Again, the limiting current is proportional to the concentration of
redox-active species or the thickness of the boundary layer, which will increase as ω
increases. The diffusivity of a given molecule, Do, can be first determined by plotting il.c.
against the square root of the rotation rate in radian s-1, ω1/2, based on the Levich equation
(Equation 3.3). The slope of the linear graph is a constant, from which Do can be solved
using the following values: no. of electron (n = 2 for a two-electron redox process),
Faraday constant (F = 96485 C mol-1), electrode area (e.g. A = 0.0707 cm2 for a 3 mm
diameter glassy carbon electrode), kinematic viscosity (e.g. v = 1.08×10-6 m2 s-1 for 1 M
KOH solution)58 and concentration of bulk electrolyte (e.g. Cbulk is usually prepared at 2
- 10 mM).

2
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𝟏
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To calculate ko, Koutecky-Levich plot is constructed by plotting reciprocal of
current at a large overpotential (η > 100 mV) at each rotation rate vs. reciprocal of square
root of rotation rate, ω-1/2 (Equation 3.4). The y-intercept is the kinetic limiting current
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measured at each η, when the rotation rate is infinite (ω-1/2  0) and no diffusion-control
limiting current is present (i = ik). By applying the Bulter-Volmer equation (Equation 3.5)
and plotting η versus its log current, log(i), a linear curve is generated. The slope is a
constant defined by 2.3αRT/zF, from which the transfer coefficient, α, can be derived.
For a reversible redox reaction, α should be close to 0.5. The graph is then extrapolated to
x-intercept, that is when η = 0, so that the measured current, i, is equal to its exchange
current, io. Finally, ko can be numerically solved by Equation 3.6.
The diffusivity and ko of 2,6-DHAQ (measured by Dr. Michael Gerhardt) are 4.8
× 10-6 cm2 s-1 and 7 × 10-3 cm s-1, respectively.11 The reduction kinetics of 2,6-DHAQ in
alkaline condition is on par with that of AQDS measured in acidic condition, which is
magnitudes higher than the minimum rate constant value and is not expected to limit
battery performance.
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3.4 Full-cell analysis
To evaluate the performance of this alkaline 2,6-DHAQ - ferri/ferrocyanide
ARFB, full-cell testing was performed (with the help from Dr. Qing Chen) at both room
temperature and 45 oC. For room temperature study, the positive electrolyte was prepared
by dissolving potassium ferrocyanide trihydrate (2.56 g) in 1 M KOH solution (15 mL) to
afford a 0.4 M ferrocyanide and 2.6 M potassium electrolyte solution. The negative
electrolyte was prepared by dissolving 2,6-DHAQ (0.48 g) in 2 M KOH solution (4 mL)
resulting in a 0.5 M 2,6-DHAQ and 1 M potassium electrolyte solution. For 40 oC study,
the positive electrolyte was prepared by heat dissolving potassium ferrocyanide trihydrate
(5.1 g) in 1 M KOH solution (15 mL) at 45 oC to afford a 0.8 M ferrocyanide and 4.2 M
potassium electrolyte solution. The negative electrolyte was prepared by heat dissolving
2,6-DHAQ (1.2 g) in 3 M KOH solution (5 mL) at 45 oC resulting a 1 M 2,6-DHAQ and
3 M potassium electrolyte solution. Before and during the tests, the electrolytes were
purged with ultra-high purity argon to ensure deaeration. These solutions were then
pumped through a flow cell constructed from bipolar graphite flow plates embedded with
serpentine flow field and a stack of three SGL® 10 AA carbon paper electrodes, which
were separated by a cation-exchange membrane, i.e. Nafion® 212. A typical single flow
cell is shown in Figure 3.7.

54

Chapter 3 Alkaline Quinone Flow Battery

Figure 3.7 | Schematic of a Symmetric Single Cell. The flow cell was assembled by
sandwiching ion-exchange membrane with layers of electrodes followed by flow
channel-embedded bipolar plate, commonly made of graphite. Gaskets are often used to
seal the single cell (not shown here). Figure obtained from Reference 59.

To improve battery performance, carbon paper electrodes were prebaked at 400
o

C in the presence of air to oxidize its surface and to improve its wettability by aqueous

electrolyte. The membrane was pretreated by heating at 80 oC followed by soaking in 30
wt % H2O2 to improve its ionic conductivity.
The cell performance was first evaluated by measuring its polarization curve at
different states of charge (SOC). Potentiostatic hold was used to fully charge and
discharge the cell, at 1.7 V and 0.6 V respectively, to obtain its total capacity in
Coulombs, C. Followed by the discharging cycle, a constant current density of 0.1
A cm−2 was applied to charge the cell to the certain SOC. Polarization curves were
measured at 10%, 50%, and 100% SOC. The open-circuit potential (OCP) monotonically
increases with increase in SOC (Figure 3.8). At 50% SOC, the cell OCP is 1.2 V.
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Figure 3.8 | Open-circuit Potential (OCP) versus State of Charge (SOC). All
potentials were taken when cell voltage stabilized to within ± 1 mV. 100% SOC was
reached by potentiostatic holding at 1.5 V until the current decreases to below 20
mA/cm2.

Figure 3.9 | Cell Performance. (a) and (b), Cell voltage & power density vs. current
density at 20 oC and 45 oC, respectively, at 10%, 50%, and ~100% SOC. Electrolyte
composition: At 20 °C, 0.5 M 2,6-DHAQ and 0.4 M ferrocyanide were used in negative
electrolyte and positive electrolyte, respectively. At 45 °C, both concentrations were
doubled. In both cases, potassium hydroxide content started at 1 M for both sides in the
fully discharged.
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The polarization curves (Figure 3.9a) show no sign of redox kinetic limitations
and exhibit a peak galvanic power density exceeding 0.4 W cm−2. By increasing the
temperature to 45 °C, the peak galvanic power density increases from 0.45 W cm−2 to
approximately 0.7 W cm−2 (Fig. 3.9b), as the cell area-specific resistance (ASR)
decreases from about 0.878 to 0.560 Ω cm2, estimated from the linear parts of the
polarization curves in Figure 3.9. The majority of this ASR decrease comes from a
change in the high-frequency area-specific resistance (rhf) measured by electrochemical
impedance spectroscopy (Figure 3.10). In both cases, the rhf contributes more than 70%
of the ASR and is indeed the limiting factor to the cell current and power outputs. The rhf
is dominated by the resistance of the membrane, which is an order of magnitude higher
than the resistance of the same membrane in a pH 0 acid solution.54

Figure 3.10 | Electrochemical Impedance Spectroscopy (Nyquist plot). Frequency
decreases from left to right. The high-frequency area-specific resistance (rhf) values
discussed in the main text are obtained by fitting the high-frequency parts to a resistor
(rhf) in series with an inductance component. The inductance came from thick cables and
current collectors that connect the cell to the potentiostat. The rhf includes contributions
from the Nafion membrane, carbon electrodes, and electrical leads between the cell and
the potentiostat. The rhf values at two different temperatures are indicated within the
Figure.

57

Chapter 3 Alkaline Quinone Flow Battery
The cell was cycled at a constant current density of ±0.1 A cm−2 for 100 cycles
(Figure 3.11). The current efficiency exceeded 99%, with a stable round-trip energy
efficiency of 84%. A 0.1% loss in capacity per cycle was observed during cycling, which
appears to be a continuous loss of electrolyte over the 100 cycles. Three possible loss
mechanisms were explored: chemical decomposition, electrolyte crossover through the
membrane, and leakage from the pumping system. Chemical and electrochemical
stability studies showed that the negative electrolyte is stable. 10 mM of 2,6-DHAQ was
heated in 5 M KOH solution at 100 °C for 30 days and was characterized by proton NMR
(experiment carried out by Liuchuan Tong). Cycled negative electrolyte was also
collected and characterized by the same method; both studies showed no degradation
product at the sensitivity level of 1% (Figure 3.12).
a)

b)

Figure 3.11 | Cell Cycling Performance. (a) Representative voltage vs. time curves
during 100 charge-discharge cycles at 0.1 A/cm2, recorded between the 10th and 19th
cycles. (b) Capacity retention, current efficiency and energy efficiency values of 100
cycles. Normalized capacity is evaluated based on the capacity of the first charge and
discharge cycle.
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a)

b)

Figure 3.12 | Chemical and Electrochemical Stability of 2,6-DHAQ. 1H NMR (500
MHz, DMSO-d6) spectra. (a) 2,6-DHAQ δ: 8.04 (d, 2H, J = 8.3 Hz, 2 x ArCH), 7.47 (d,
2H, J = 2.5 Hz, 2 x ArCH), 7.19 (dd, 2H, J = 8.3, 2.5 Hz, 2 x ArCH). (b) 2,6-DHAQ,
after 30 days heating in 5 M KOH solution at 100 oC. (c) 2,6-DHAQ, after 100 chargedischarge cycles.

Membrane crossover contamination has been a common challenge in acid-based
redox flow batteries where most electro-active molecules are either neutral or positive
and tend to migrate through proton-conductive membranes.10 In this alkaline system,
however, all the electro-active molecules remain negatively charged in all charge states,
leading to a dramatic decrease in the degree of crossover during cell cycling. Cyclic
voltammetry of the ferri/ferrocyanide electrolyte collected at the end of cycling showed
no evidence of the presence of 2,6-DHAQ. This observation places an upper limit on the
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crossover of 0.8% of the DHAQ, implying a crossover current density less than 2.5 µA
cm−2 (Figure 3.13).

Figure 3.13 | Study of Membrane Crossover using Cyclic Voltammetry. (a) Full and
(b) Zoomed in cyclic voltammograms of 0.4 M ferrocyanide electrolyte after 100 chargedischarge cycles (black trace). Same posolyte to which we added 3.9 mM 2,6-DHAQ
(orange trace), and 7.6 mM 2,6-DHAQ (pink trace).

Finally, hydraulic leakage was investigated because an apparent but
unquantifiable small decrease in fluid levels was observed in the reservoirs. After cell
cycling, the cell was washed with DI water until no coloration of eluent could be
observed. The cell was then dissembled; coloration was found on the gaskets indicating
the likely site of electrolyte leakage. This source of capacity loss—the equivalent to
roughly 8 drops in our system—is expected to become negligible as system size is scaled
up.
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3.5 Low-potential Anthraquinone
The sluggish kinetics of the hydrogen evolution reaction in alkaline solution on
carbon electrodes results in a larger practical stability window in the base rather than in
acid (Figure 3.14). Consequently, quinones with substantially more negative reduction
potentials are feasible as negative electrolyte materials.

Figure 3.14 | Background Cyclic Voltammograms Studies of Aqueous Solution.
Cyclic voltammograms of 1 M KOH and 1 M H2SO4 background scanned at 100 mV/s
using graphite foil electrode. Dashed lines indicate commonly-reported equilibrium
potentials of water splitting reactions. This illustrates the practical stability window for
aqueous flow batteries.

Preliminary investigations into the synthesis of different hydroxy-substituted
anthraquinones suggest further increases in cell potential are possible. Self-condensation
reactions of substituted benzene yield 2,3,6,7-tetrahydroxy-AQ (THAQ) and 1,5dimethyl-2,6-DHAQ (15-DMAQ).60 2,3,6,7-THAQ was prepared (with the help from Dr.
David Hardee) using a previously reported synthetic route.60 The overall yield was 29%
(1H and 13C NMR spectra shown in Figure 3.15). 1,5-DMAQ was prepared by the
following method (purification process established by Dr. Sang Bok Kim): AlCl3 (10 g)
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and NaCl (1 g) were mixed and heated to 200 oC to afford a molten salt. 2-methyl-3hydroxybenzoic acid (2 g) was slowly added in four portions into the AlCl3-NaCl melt.
The mixture was continuously heated at 200 oC for 1 hour. After cool down, distilled
water (100 mL) was slowly added to this solution, which was then stirred at room
temperature overnight. The dark yellow precipitate was collected on a frit glass filter and
extracted with ethyl acetate (100 mL). Distilled water (50 mL) was then added to this
solution. Ethyl acetate layer was separated from aqueous layer by the separatory funnel
and dried on magnesium sulfate. The organic phase was concentrated (to approximately
25 mL) and cooled in an ice bath. The resulting precipitates were filtered on celite and
washed with cold ethyl acetate (50 mL). This filter cake was then dissolved in acetone
(50 mL) where ethyl acetate (50 mL) was added. This mixture was gently heated to
remove acetone. Precipitates from this resulting solution were removed on celite. After
concentrating the ethyl acetate filtrate, hexane was added to precipitate out desired
product which was then collected on a frit glass filter and dried under vacuum to afford
pale yellow solid. The yield of this product was 12% (1H, 13C NMR spectra, and mass
spectroscopy results are shown in Figure 3.16). The CV’s of these species in 1 M KOH
suggest cell potentials vs. ferri/ferrocyanide approaching 1.35 V (Figure 3.17a and b),
which exceeds that of many aqueous rechargeable batteries (Figure 3.17c).
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a)

b)

B

c)

Figure 3.15 | Synthetic Scheme and NMR Characterization of 2,3,6,7tetrahydroxyanthraquinone (2,3,6,7-THAQ). (a) Synthetic scheme of 2,3,6,7-THAQ
from inexpensive, commodity chemicals. i. condensation with acetaldehyde to afford
2,3,6,7-tetramethoxydimethylanthracene (MeCHO, H2SO4), ii. oxidation to afford
2,3,6,7-tetramethoxyanthraquinone (Na2Cr2O7 in acetic acid), iii. hydrolysis of methoxy
(HBr, reflux) We carried out all three steps of reaction in this work according to
literature reference 60. (b) 1HNMR (500 MHz, DMSO) spectrum of 2,3,6,7-THAQ δ
10.42 (br, 4H, 4 x Ar-OH), 7.43 (s, 4H, 4 x ArCH). (c) 13CNMR (125 MHz) spectrum δ
181.50, 151.23, 127.46, 113.31, 113.28. Solvent peaks are labeled with asterisks.
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a)

A

b)

Figure 3.16 | Synthetic Scheme and NMR Characterization of 1,5-dimethyl-2,6dihydroxyanthraquinone (1,5-DMAQ). (a) Synthetic scheme of 1,5-DMAQ from
inexpensive, commodity chemicals. i. sulfonation of naphthalene to afford 1,3,5nanphthalenetrisulfonic acid (H2SO4/SO3), ii. preparation of sodium salt to afford
trisodium naphthalene-1,3,5-trisulfonate (NaOH), iii. reaction of trisodium naphthalene1,3,5-trisulfonate with alkali (NaOH in autoclave at high temperature (280-310 °C)), iv.
Dimerization to afford 1,5-DMAQ (AlCl3-NaCl melt). We carried out step iv in this
work. Steps i-iii were reported in a patent application (22). (b) 1HNMR (500 MHz,
DMSO-d6) spectra of 1,5-DMAQ δ: 10.78 (br, 2H, 2 x Ar-OH), 7.93 (d, 2H, J = 8.5 Hz,
2 x ArCH), 7.21 (d, 2H, J = 8.5 Hz, 2 x ArCH), 2.55 (s, 6H, 2 x Ar-CH3). (c) 13CNMR
(125 MHz, DMSO-d6) δ 185.63, 161.87, 133.10, 128.94, 128.04, 126.74, 119.83, 14.03.
Solvent peaks are labeled by asterisk. Mass spectroscopy: C6H12O4 M-H calculated
267.0657 found 267.0659.
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Figure 3.17 | Molecular Structure and Cyclic Voltammetry Studies of 2,6-DHAQ
Derivatives. (a) and (b) Molecular structures and cyclic voltammogram of 2,3,6,7THAQ (pink) and 1,5-DMAQ (olive), respectively, plotted along with ferrocyanide
(orange curve) scanned at 100 mV/s on glassy carbon electrode. Both 2,6-DHAQ
derivatives/ferrocyanide couples showed higher equilibrium potential than 2,6DHAQ/ferrocyanide. (c), Selected aqueous secondary batteries showing voltage and flow
status. Literature data from Reference 12 and 61.
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3.6 Conclusion
The results reported herein highlight the ability of hydroxy-substituted
anthraquinone and ferrocyanide to function as stable flow battery electrolytes in alkaline
solution. The use of organic and organometallic coordination complexes in base, rather
than aqueous metal ions in acid, resolves serious cost, corrosion, and safety concerns of
previous flow battery chemistries. Alkaline flow batteries can compensate for higher
membrane resistance with higher voltage, leading to performance similar to their acidic
counterparts. In addition, quinone-ferrocyanide alkaline chemistry avoids the membrane
crossover, corrosivity, toxicity and regulations associated with bromine. This reduced
corrosivity can lead to a substantially lower materials cost because many components can
be made of inexpensive polyolefin or PVC plastics.
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4.0 Abstract
Both the reduction potential and reduction mechanism of quinone rely closely on
the pH of its aqueous solution. These electrochemical aspects of quinone derivatives have
been extensively evaluated in highly acidic or buffered aqueous solution and organic
solvents, whereas, similar studies of AQ at highly alkaline conditions are lacking.
Although it is generally understood that quinone undergo concerted two-electron
reduction in aqueous solution and two well-separated single-electron steps in organic
solvent, we found that AQ derivatives, depending on its solution pH and structural
variation, also exhibit stepwise single-electron reduction at high pH to generate a
semiquinone radical, characterized by electron spin resonance spectrometry (ESR). In
this chapter, preliminary results on AQ reduction mechanisms at highly alkaline
condition are provided. The insight from these results is used to address the capacity fade
of quinone-based ARFB and to guide the design of future quinone electrolytes.
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4.1 Reduction Mechanisms and Formation of Semiquinone
The PCET process and pH-dependent quinone redox process, as briefly covered
in Chapter 2.1 and Chapter 3.2, can often be represented by a nine-membered square
scheme (Figure 4.1).37–39 The horizontal direction indicates electron transfer process
(ET), and the vertical direction indicates proton transfer process (PT or protonation).
Since the pH of the aqueous solution is not sufficient to protonate a neutral quinone
moiety, only half of the square scheme applies to AQ redox processes, with the rest
shown in gray color. The diagonal blue arrow from top left to bottom right represents the
PCET process where each ET step is accompanied by a fast PT step. As protonated
semiquinone species (HAQ●) are thermodynamically more favorable toward reduction
than the starting AQ, a fast second reduction reaction (E2) takes place at a more positive
potential than the first step (E1), resulting in a concerted two-electron transfer. This
concerted process of AQDS at pH 0 was characterized by its reversible CV with a peak
separation of approximately 34 mV, which was very close to the ideal 29.5 mV value
(Figure 4.2a).34
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Figure 4.1| Nine-membered Square Scheme of AQ Reduction. The horizontal
direction indicates the transfer of electron at a given potential, i.e. E1 and E2, and the
vertical direction indicates protonation of the species depending on the pKa of the
generated anion and the solution pH. For unsubstituted AQ, it has two pKa values each
associated with a hydroxyl group. Electron and proton transfers that are not applicable to
AQ are shown in gray. Blue arrows indicate proton-coupled electron transfer or PCET.
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Figure 4.2 | Cyclic Voltammetry Study of AQDS vs. DHAQ. (a) AQDS at pH 0. and
(b) 2,6-DHAQ at pH 14. Both scanned at 25 mV s-1 on glassy carbon electrode. The
dashed lines indicate potential at peak current density. The double arrow indicates the
peak separation, shown at the bottom right corner on each graph. The single arrows
indicate CV scan direction. Data obtained from Reference 11 and 34.

At alkaline pH, when solution pH is smaller than pKa values of AQ dianions, no
protonation process takes place. The reduction reaction proceeds via two ET steps from
AQ to AQ-● semiquinone at potential E1, and from AQ-● to AQ2- dianion at potential E2.
Depending on the relative values of E1 and E2, the mechanism of AQ reduction in
alkaline condition can deviate from the concerted process, as observed in acidic pH.
The effect of E1 and E2 on the AQ reduction mechanism can be explained using
thermodynamic analysis (pointed out by Dr. David Kwabi). First, the reaction schemes of
the two single-step AQ reduction in alkaline condition are expressed using Equation 4.1
and 4.2, respectively. These two reactions are then converted into a comproportionation
reaction where AQ and AQ2- generate AQ-● semiquinone (Equation 4.3). Finally, the
equilibrium constant of the comproportionation reaction, Keq_comp (Equation 4.6) can be
expressed by dividing the equilibrium constants of E1, (Equation 4.4) by that of E2
(Equation 4.5). For a concerted process, that is when E2 is more positive than E1, Keq_comp
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is a small value, and semiquinone formation through comproportionation reaction is
unfavored. When E2 is more negative than E1 during a stepwise reduction process,
comproportionation reaction will take place to generate semiquinone, of which the
concentration, [AQ-●], is governed by the E2 and E1 difference.

𝐸1 : 𝐴𝑄 + 𝑒 − ⇌ 𝐴𝑄−·

∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation 4.1)

𝐸2 : 𝐴𝑄 −· + 𝑒 − ⇌ 𝐴𝑄2−

∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation 4.2)

𝐶𝑜𝑚𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑡𝑖𝑜𝑛 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 ∶ 𝐴𝑄 + 𝐴𝑄2− ⇌ 2𝐴𝑄 −· ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation
𝐸1 𝑜 =

𝑅𝑇

𝐸2 𝑜 =

𝑅𝑇

𝑧𝐹

𝑧𝐹

𝑙𝑛𝐾𝑒𝑞1 ; 𝑲𝒆𝒒𝟏 =
𝑙𝑛𝐾𝑒𝑞2 ; 𝑲𝒆𝒒𝟐 =

𝑲𝒆𝒒_𝒄𝒐𝒎𝒑 =

𝐾𝑒𝑞1
𝐾𝑒𝑞2

=

[𝐴𝑄 −· ]

= 𝑒𝑥𝑝 (

[𝐴𝑄]
[𝐴𝑄2− ]
[𝐴𝑄−· ]

[𝐴𝑄 −· ]2
[𝐴𝑄]∙[𝐴𝑄 2− ]

𝑧𝐹
𝑅𝑇

= 𝑒𝑥𝑝 (

= 𝑒𝑥𝑝 [

𝑧𝐹
𝑅𝑇

𝑧𝐹

𝑅𝑇

4.3)

𝑬𝟏 𝒐 ) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation

4.4)

𝑬𝟐 𝒐 ) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation

4.5)

𝒐

(𝑬𝟏 𝒐 − 𝑬𝟐 )] ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ (Equation

4.6)

This equation is useful not only for the quantitative determination of semiquinone
concentration but also for qualitative analysis of semiquinone formation based on CV
peak separation. For instance, as shown previously, the CV of AQDS in acidic solution
showed a very narrow peak separation of 32 mV. However, when measuring 2,6-DHAQ
CV in 1 M KOH solution, its peak separation was 90 mV (Figure 4.2b). This broadening
of peak separation was likely due to an increase of E2 and E1 difference, which was
studied using CV simulation (performed by Dr. Michael Gerhardt).11 First, by fitting the
experimental CV with CVs of the concerted two-electron process at different ko, i.e. 10-3,
10-4 and 10-5 cm s-1, it was found that none of the simulation results matched the
experimental result (Figure 4.3a). Instead, by fitting the experimental trace with two
overlapping single-electron process CVs, a good overlap of these two CVs was achieved
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(Figure 4.3b). From this simulation study, the reduction potential of these two singleelectron transfer processes could be obtained. Since E2 was found to be more negative
than E1, semiquinone was expected to form when both oxidized and reduced 2,6-DHAQ
species were mixed with each other. In the next section, a special technique called
electron spin resonance spectrometry (ESR) was used to determine the presence of this
radical species.
a)

b)

Figure 4.3 | Simulation of the Electrochemistry of 2,6-DHAQ. (a) Cyclic
voltammogram of 1 mM 2,6-dihydroxyanthraquinone in 1 M KOH (solid line). Dashed
lines represent simulated cyclic voltammograms of a two-electron reduction of varying
electrochemical rate constant ko and a reduction potential Eo of − 0.684 V vs SHE. The
simulations assumed α = 0.5. The scan rate in all cases was 25 mV s−1. (b) Cyclic
voltammogram of 1 mM 2,6-dihydroxyanthraquinone in 1 M KOH (solid black line).
Dashed red lines represent the simulated components of two successive one-electron
reductions with reduction potentials of −0.657 V vs SHE and − 0.717 V vs SHE. The
solid red line represents the simulated total current arising from such a reaction. Each
simulated reduction has a rate constant ko = 7×10−3 cm s−1. The same simulation was
performed assuming each reduction has a rate constant ko = 7×10−4 cm s−1, and the total
current plotted as a solid green line. The slower rate constants do not adequately describe
the observed cyclic voltammogram, setting a lower bound on the value of the rate
constant. The simulations assumed α = 0.5. Simulations performed by Dr. Michael
Gerhardt.
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4.2 Electron Spin Resonance Characterization of Semiquinone
To verify the existence of a radical species, ESR measurement was carried out.
Since not many organic molecules exist in stable radical forms, ESR provides a very
sensitive way to characterize organic radical species. This technique is ideal for the study
of AQ semiquinone species since neither the fully oxidized nor the fully reduced AQ
forms have radicals in their structures. Due to the quantitative nature of ESR, sample
concentration, volume (controlled by the total length of the capillary tube inside the
cavity) and the instrument modulation amplitude (MAp) are kept consistent during
measurement for proper comparison across different AQ derivatives.
ESR spectra of 0 and 50 SOC 1 mM 2,6-DHAQ were measured at 0.5 MAp.
From here on, 0 SOC represented fully oxidized 2,6-DHAQ (AQ), 100 SOC represented
fully reduced 2,6-DHAQ (AQ2-), and 50 SOC represented an equal mixture of AQ and
AQ2-. As expected, no ESR signal was detected for the 0 SOC sample. At 50 SOC, a
radical signal with a hyperfine coupling pattern was detected (Figure 4.4a). To identify
the structure of the measured semiquinone, simulation of this curve was carried out using
EasySpin software (with the help from Dr. Davis Luke). Literature values of hyperfine
coupling constant, a, of 2,6-DHAQ-● anionic semiquinone was used for the simulation
(Table 4.1 and Figure 4.4b).62 A phenomenological line-broadening of the simulated
curve was applied during EasySpin simulation. The experimental and simulated curves
matched well with each other. From tuning the g-factor of the simulated curve to make it
overlap with the experimental curve, the experimental g-factor value was determined to
be 2.00745, which is very close to the literature value of 2.00393.62
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Figure 4.4 | ESR Study and Simulation of 2,6-DHAQ Semiquinone. (a) ESR spectrum
of 1 mM 2,6-DHAQ at 50 SOC. Microwave frequency = 9.850341 GHz and MAp. =
0.5G. (b) Comparison between an experimental and a simulated ESR spectrum. The
simulation parameters can be found in Table 4.1.
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Table 4.1. Hyperfine coupling constant, a, and g-factor values between theoretical
and experimental data.
Semiquinone
(Solvent)

a

Hyperfine Coupling Constant (a, Gauss)
a1

a2

a3

a4

a5

a6

a7

a8

gFactor

2,6-DHAQ−●
(MeOH/H2O)a

1.586

-

<
0.025

0.924

1.586

-

<
0.025

0.924

2.0039
3

2,6-DHAQ−●
(H2O)b

1.586

0

0

0.924

1.586

0

0

0.924

2.0074
5

Experimental values from Reference 62. b EasySpin simulation parameters

This ESR measurement verified both the presence of an AQ radical species and
its structure, which was consistent with previous CV analysis of 2,6-DHAQ. Besides the
qualitative analysis of AQ samples, ESR was also used for quantification of semiquinone.
To achieve this, the ESR spectrum was first converted back to its absorbance spectrum by
integrating the graph over the whole spectrum. The area under the absorbance curve
(AUC), as highlighted in orange in Figure 4.5a, was proportional to its semiquinone
concentration. An aqueous soluble organic radical species called 4-amino TEMPO, or
(4-amino-2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl, was used to construct a standard
calibration curve by plotting its AUC values against its sample concentration (Figure
4.5b). This calibration curve can be used to interpolate the concentration of an unknown
sample, such as 2,6-DHAQ-●, based on its measured AUC.

76

Chapter 4 Study of Semiquinone under Alkaline Condition

a)

b)

Figure 4.5 | ESR Integration and Standard Calibration Curve. (a) Integration of the 1
mM 2,6-DHAQ ESR spectrum (inset). (b) Plot of integrated area of ESR spectra (inset)
of 4-amino TEMPO versus the sample concentration. The pink line is the best fit line
based on four measured data points.
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4.3 Preliminary Understanding of Semiquinone Formation
By first comparing the CVs of AQDS in acidic condition and 2,6-DHAQ in
alkaline condition (Figure 4.2), we discovered that as the CV peak separation increased
from the ideal 30 mV to 90 mV, a radical ESR peak was detected in the 2,6-DHAQ
sample. To verify that AQDS reduction proceeded via a concerted mechanism as
suggested by its small peak separation, a similar ESR measurement was carried out for a
50 SOC AQDS sample prepared at a much higher 10 mM concentration. No ESR signal
was detected. Therefore, from this comparison study, it was proposed that the solution pH
could be responsible for semiquinone formation.
To study the effect of pH, we first prepared an AQDS sample at pH 14 and
measured its CV. As illustrated in Figure 4.6, this shift of solution pH increased the
AQDS peak separation from 34 mV in acid (black trace) to 49 mV in base (red trace). A
quick ESR measurement was performed by diluting the pH 0 AQDS sample to pH 14.
While no semiquinone could be detected in acidic condition, a radical signal was
observed in the pH 14 sample. This preliminary ESR result was consistent with the result
of its broadened CV peak separation, which suggested that an increase in pH would
induce the formation of semiquinone.
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Figure 4.6 | Cyclic Voltammetry Study of AQDS at Different pH values. CV of 1 mM
AQDS sample measured in pH 0 H2SO4 solution (black trace) and in pH 14 KOH
solution (red trace). Both samples are measured at 10 mV s-1 scan rate on a glassy carbon
electrode. The dashed lines indicate potential at peak current density. The single arrows
indicate CV scan direction. Their peak separation values are color coded and shown
beside each graph.
a)

b)
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Figure 4.7 | Cyclic Voltammetry and ESR Studies of 2,6-DHAQ at Various pH
values. (a) CV of 2,6-DHAQ measured in pH 12 (red) and pH 10 (black) buffer solution.
Both samples are measured at 10 mV s-1 scan rate on a glassy carbon electrode. The
dashed lines indicate potential at peak current density. The single arrows indicate CV
scan direction. Their peak separation values are color coded and shown beside each
graph. (b) ESR spectra of 1 mM 100% SOC 2,6-DHAQ samples in pH 14 (black trace)
and pH 12.3 (red trace) KOH solution. Based on their corresponding AUC values, the
concentration of 2,6-DHAQ semiquinone has been reduced by 4 times moving from pH
14 to pH 12.3.
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A more thorough study of 2,6-DHAQ CV and ESR at various pH values was also
performed (Figure 4.7). From their CV curves, an increasing trend was again observed
moving from a peak separation of 44.1 mV at pH 10 to 55 mV at pH 12, and ultimately to
90 mV at pH 14 (pH 14 CV curve not shown). ESR was performed in parallel to compare
semiquinone concentration of 2,6-DHAQ between pH 14 and pH 12.3. After fully
charging a 0.1 M 2,6-DHAQ solution, an aliquot of the solution was then diluted in pH
14 KOH solution and DI water by a factor of 100 and subjected to ESR (Figure 4.7b).
Based on the AUC value for each spectrum, the concentration of semiquinone was
reduced by approximately 400% moving from pH 14 to pH 12.3.
Besides the impact of solution pH, a structural variation of AQ derivatives could
also affect their CV peak separation and likely the semiquinone concentration. For
instance, although both AQDS and 2,6-DHAQ exhibited increasing peak separation with
increasing solution pH, these two molecules showed almost 40 mV difference in peak
separation in the same pH 14 solution. To further investigate the influence of functional
groups, we examined the CV of various hydroxylated anthraquinone at pH 14. We found
that 1,2-DHAQ, having the same number of hydroxyl functional groups as 2,6-DHAQ,
showed a much smaller peak separation of only 34 mV (Figure 4.8). To verify the
consistency between small CV peak separation and low semiquinone concentration, we
compared the ESR spectra of 10 mM fully charge 1,2-DHAQ and 2,6-DHAQ, and
discovered that this decrease in CV peak separation indeed led to an order of magnitude
decrease in semiquinone concentration (Figure 4.9).
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a)

b)

Figure 4.8 | Cyclic Voltammetry Study of 1,2-DHAQ vs. 2,6-DHAQ at pH 14. (a) CV
of 2 mM 1,2-DHAQ sample measured in pH 14 KOH solution. CV scanned at 10 mV s-1
scan rate on a glassy carbon electrode. (b) CV of 2 mM 2,6-DHAQ sample measured in
pH 14 KOH solution. CV scanned at 25 mV s-1 scan rate on a glassy carbon electrode.
The dashed lines indicate potential at peak current density. The single arrows indicate CV
scan direction. The peak separation value is shown on the top right cover of each graph.
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Figure 4.9 | ESR Study of 1,2-DHAQ vs. 2,6-DHAQ. ESR spectra of 10 mM 2,6DHAQ (red trace) and 1,2-DHAQ (black trace) 100 SOC samples measured at the same
parameters are overlapped. The values of the absolute area under their integrated peaks
are shown besides each curve. Based on their AUC values, the much larger semiquinone
concentration in 2,6-DHAQ is consistent with its wider CV peak separation as compared
with 1,2-DHAQ.
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By comparing the rest of hydroxylated AQ, as shown in Figure 4.10, we found
that when hydroxyl groups were placed near the central quinone moiety, the CV peak
separation was relatively small, in the cases of 1-HAQ, 1,2-DHAQ and 1,8-DHAQ (top
three graphs), indicating low semiquinone concentration. When the hydroxyl groups were
placed away from quinone moieties, i.e. at 2, 3, 6, and/or 7-positions, the peak separation
became much larger and increased when more hydroxyl groups were added to those
positions, from 60 mV for mono-hydroxylated 1-HAQ to 165 mV for tetrahydroxylated
2,3,6,7-THAQ (bottom three graphs). Clearly, the positions and the number of hydroxyl
groups have a significant impact on CV separation, likely by either hindering the addition
of the second electron to the semiquinone, hence negatively shifting its E2 potential, or by
facilitating the addition of the first electron to the AQ, hence positively shifting its E1
potential. Both of these routes were expected to expand the E1 and E2 difference and
semiquinone concentration.
In order to gain further understanding of the underlying driving force for
semiquinone formation, we expect more input from computational study to demonstrate
how changes in solution pH and hydroxyl group position (as well as other functional
groups) will lead to changes of the energy levels of fully oxidized and reduced forms
relative to that of their semiquinone.
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Figure 4.10 | Cyclic Voltammetry Study of Hydroxylated AQ Derivatives. CV
diagram of (a) 1-HAQ, (b) 1,2-DHAQ, (c) 1,8-DHAQ, (d) 2-HAQ, (e) 2,6-DHAQ, and
(f) 2,3,6,7-THAQ all measured at 10 mV s-1 scan rate on a glassy carbon electrode in pH
14 KOH solution. The scale of x-axis for graph a) to e) is from -0.2 to -1.0 V and for
graph f) is from -0.2 to -1.4 V. The dashed lines indicate potential at peak current density.
The single arrows indicate CV scan direction. Their peak separation values are shown at
the top left corner of each graph.
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4.4 Semiquinone Stability
These preliminary measurements provided an early understanding of factors that
impacted the AQ reduction mechanism. Based on the establishment of the correlation
between peak separation and semiquinone concentration, we started to address one of the
most critical questions related to AQDS performance: was semiquinone (decomposition)
the primary source of battery capacity fade?
As illustrated both in Chapter 2.1 and Chapter 3.4, oxidized AQ is stable against
nucleophilic substitution or addition reaction. Even heating AQ in 5 M KOH solution for
one month (performed by Liuchuan Tong) showed no sign of decomposition. Upon
charging, the reduced form of AQ was expected to show even higher electron-density and
better resistance toward nucleophilic attack under alkaline environment. However, in its
semiquinone radical form, various potential side reactions could take place either with the
environment, i.e. electrodes, membranes, etc., or with itself, i.e. dimerization.
Unfortunately, there are limited literature studies of the stability of AQ
semiquinone in aqueous environments, likely due to their poor solubility in aqueous
solution. To evaluate semiquinone radical stability and to study its potential
decomposition pathway, typically spectroscopic techniques need to be used. For instance,
DHAQ samples with different semiquinone concentration can be first charged to arbitrary
SOC and subjected to thermal treatment, i.e. heating in elevated temperature for a certain
period, followed by HPLC or NMR technique to determine whether new species other
than the fully oxidized, reduced and semiquinone are created. In this section, a
preliminary evaluation of semiquinone stability was carried out by testing AQ derivatives
with different CV peak separation directly in flow battery setups. The discharge capacity
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retention of each full-cell study was used as an indicator for semiquinone instability. We
expected that for AQ derivatives with larger CV peak separation and hence greater
semiquinone concentration, the cell capacity fade rates should be faster than those with
smaller peak separation.
The cell setups were similar to the ones shown in Chapter 3.4, except that thicker
IEMs were used to minimize electrolyte crossover. All the negolytes were prepared at 0.1
M concentration and the posolytes prepared with large excess of both ferrocyanide and
ferricyanide (1:3 negolyte:posolyte electron molar ratio). In addition to previously
studied 2,6-DHAQ and 2,3,6,7-THAQ, a new carboxylic acid-functionalized AQ
derivative (2,6-aDHAQ) as shown in Figure 4.11a was also tested; this molecule was
synthesized (with the help from Dr. Yunlong Ji) via the alkylation reaction introduced in
Chapter 2.2. The carboxylate functional groups exhibited much better solubilizing
capability than sulfonate and alkoxide groups under alkaline condition, making 2,6aDHAQ at least 0.75M solubility in 1M KOH solution. In addition, 2,6-aDHAQ showed
a CV peak separation of 42 mV, less than half of 2,6-DHAQ’s.
From the preliminary capacity retention results (Figure 4.11b), a clear trend of
increased capacity fading rate was observed moving from 2,6-aDHAQ, which showed the
smallest peak separation, to 2,3,6,7-THAQ, which showed the largest peak separation.
Although 2,6-aDHAQ was cycled in a glovebag, which was expected to undergo faster
side reaction due to higher oxygen level, it still showed a much better capacity retention
result of 99.4% compared with 2,6-DHAQ’s 96.8% over 80 cycles, which was cycled in a
glovebox. 2,3,6,7-THAQ cell showed the worst capacity retention value, which led to
more than 30% capacity loss after 80 cycles.
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a)

b)

Figure 4.11 | Cyclic Voltammetry and Full-cell Studies of AQ Derivatives. (a) CV of
carboxylic acid functionalized dialkyl-2,6-DHAQ in pH 14 KOH solution, measured at
10 mV s-1 scan on a glassy carbon electrode. The standard equilibrium potential is – 500
mV vs. SHE. The dashed lines indicate potential at peak current density. The single
arrows indicate CV scan direction. The peak separation value is shown at the top left
corner of the graph. (b) Discharge capacity retention of four AQ-based full-cell cycling
versus the cycle no. The trend of decreasing discharge capacity is in line with their
increasing CV peak separation, moving from the fastest degrading 2,3,6,7-THAQ with
165 mV peak separation to 2,6-DHAQ with 90 mV peak separation to the slowest
degrading dialkyl-2,6-DHAQ with only 42 mV peak separation at pH 14.

To eliminate both the potential side reaction due to the presence of oxygen and
the discrepancy between each cell build, a much careful comparison study was performed
between 2,6-DHAQ and 2,6-aDHAQ, in a glovebox. All the electrolytes were prepared in
the same fashion as in the preivous study. The same cell was used for both chemistries,
first cycled with 2,6-DHAQ for 200 cycles. After thoroughly rinsing the cell, 2,6-aDHAQ
was then pumped into the cell and cycled with a freshly prepared posolyte for another
300 cycles. As shown in Figure 4.12, 2,6-DHAQ showed approximately 97% capacity
retention after 200 cycles or 0.014% capacity fade per cycle. Contrarily, 2,6-aDHAQ
showed no noticeable capacity fade even after 300 cycles. This high capacity retention
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was consistent with its average 100% current efficiency value, which indicated no side
reaction, such as oxidation and decomposition.
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Figure 4.12 | Full-cell Study of 2,6-DHAQ vs. 2,6-aDHAQ. Discharge capacity
retention of 2,6-DHAQ (gray trace) and 2,6-aDHAQ (blue trace) full-cell cycling versus
the cycle no. Solid dots indicate capacity retention. Hollow dots indicate current
efficiency (CE).

Both of these two cycling results complied with the expectation that AQ
derivatives with smaller peak separation led to slower capacity fade. It was very likely
that semiquinone decomposition could be a primary source for battery capacity fade, as
proposed at the beginning of this section. Although further evaluation of molecular
decomposition pathway was deemed necessary, these preliminary studies provided a
clear direction to improve battery capacity retention. AQ derivatives with even narrower
peak separation need to be explored to minimize semiquinone concentration and to
further reduce battery capacity fade rate when tested at a much longer time scale.
Additionally, through systematic study and theoretical modeling of quinone and its
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electrolyte condition, the semiquinone concentration can be predicted in order to guide
the rational design of future AQ candidate molecules.
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5.0 Abstract
Redox flow batteries (RFBs) can store large amounts of electrical energy from
variable sources, such as solar and wind. Recently, redox-active organic molecules in
aqueous RFBs have drawn substantial attention due to their rapid kinetics and low
membrane crossover rates. Drawing inspiration from nature, in this chapter I will report a
high-performance aqueous RFB utilizing an organic redox compound, alloxazine, which
is a tautomer of vitamin B2’s isoalloxazine backbone. It can be synthesized in high yield
at room temperature by single-step coupling of inexpensive o-phenylenediamine
derivatives and alloxan. The highly alkaline-soluble alloxazine 7/8-carboxylic acid
(ACA) produces a RFB exhibiting open circuit voltage approaching 1.2 volts and current
efficiency and capacity retention exceeding 99.7% and 99.98% per cycle, respectively.
Theoretical studies indicate that structural modification of alloxazine with electron
donating groups should allow further increases in battery voltage. As an aza-aromatic
molecule that undergoes reversible redox cycling in aqueous electrolyte, alloxazine
represents a new class of radical-free redox-active organics for use in large-scale energy
storage.
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5.1 Motivation
Improved methods for storing electrical energy from intermittent renewable
sources are needed to support the rapid deployment of photovoltaic (PV) and wind
power.7,12,16 A promising approach for safe and cost-effective stationary energy storage
uses redox flow batteries (RFBs), in which the energy is stored in fluids held outside the
power conversion electrochemical cell.10,13 This permits the independent engineering of
energy (electrolyte volume and concentration) and power (cell area) capacities and
enables the attainment of the high energy-to-power ratios (i.e. long discharge durations at
rated power) necessary to deliver energy from PV and wind when it is needed. Since the
invention of RFBs in the 1970s, the development efforts for its electrolyte materials – the
core component of RFBs – have concentrated on single metal ions such as vanadium,
iron and chromium, where the battery voltages are fixed by the reduction potentials of
these ions, and their solubilities and stabilities are governed by the pH and composition
of the supporting electrolyte.33,63 However, their development has been impeded by one
or more shortcomings such as high electrolyte corrosivity, toxicity, cost, membrane
cross-over rate, or sluggish reaction kinetics.
Contrary to the limited numbers of metal ions suitable for RFBs, organic
molecules display high chemical diversity, allowing optimization of electrolyte properties
such as higher solubility (by adding solubilizing groups), higher voltage (by varying the
electron donating properties of functional groups), and lower membrane cross-over rate
(by tuning the molecular size or net charge on the molecules). Recently, researchers have
demonstrated RFBs of much-improved performance by rational design of organic-based
electrolyte materials (summarized in Table 5.1).34,64,11,65–67 For instance, Huskinson et al.
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utilized a sulfonic acid functionalized 9,10-anthraquinone, which showed fast kinetics
and high solubility in a supporting electrolyte of sulfuric acid; by pairing it up with cheap
bromine/hydrobromic acid, the team showed approximately a three-fold reduction of the
potential cost of electrolyte materials, compared with state-of-art all-vanadium RFBs.34,64
The toxicity and corrosivity of bromine, however, limit its use to industrial and utility
settings. By switching from acidic to alkaline supporting electrolyte, Lin et al.
demonstrated a less corrosive and non-toxic RFB using hydroxylated 9,10-anthraquinone
and a food additive, ferrocyanide, targeted for residential and commercial usage.11 To
reduce membrane cost while maintaining a low membrane crossover rate, Janoschka et
al. prepared polymeric methyl viologen and (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl
(TEMPO) which showed almost no sign of membrane crossover when cheap dialysis
membranes were used in place of expensive cation-exchange membranes.65 Despite these
great advances, each system still has the potential for further improvements, such as
replacing toxic halogen species with high-performance organic molecules, increasing the
ion conductivity and energy density of alkaline systems, and reducing the high electrolyte
viscosity associated with the dissolution of polymers at practical concentrations. To
accelerate the development of organic-based RFBs, more compounds with useful redox
potential, high solubility, and ease of synthesis are highly desired. At the time this work
was performed, previous aqueous organic-based RFBs have utilized only three types of
stable redox-active species: 1) quinones, 2) TEMPO and 3) methyl viologen, as shown in
Table 4.1. To date, tailored improvements have been proven possible only in quinone
systems.

92

Chapter 5 Alloxazine-based Redox Flow Battery
Table 5.1 | High-Performance Organic-based Aqueous Redox Flow Batteries.a
Positive
Electrolyte

bromine/
hydrobromic
acid

Negative
Electrolyte

anthraquinone-2,7disulfonic acid

ferrocyanide

No. of Cycles
(Condition)

Capacity
Retention per
Cycle (%)

Energy
Density
(Wh/L)

10

99

16

750

99.84

100

99.1

100

~ 99.75c

Voltage
(V)

Merit
(limitation)

0.86

Low cost and
high
performance
(toxic
bromine)

1.2

Non-toxic and
less corrosive
electrolyte
(reduced ion
conductivity
w.r.t. proton)

1.15

Cheap dialysis
membrane
(high
electrolyte
viscosity)

1.25

Low cost allorganic
electrolyte
(low current
density)

16

6.8

2,6-dihydroxyanthraquinone

10
TEMPO
polymer

viologen polymer

10,000 (nonflow cell)

> 99.99

100 (low
conc.)

> 99.99
8.4

4-hydroxyTEMPO

methyl viologen

100 (high
conc.)

99.89

a

This table focuses primarily on comparing molecular structures of redox-active organic molecules;
capacity retention was used as a method to evaluate their electrochemical stability.
b
Capacity retention per cycle was derived from total capacity retention divided by the total number of
charge-discharge cycles.
c
The capacity retention value was estimated based on the capacity retention vs. cycle number graph in
Figure 4 from reference 65.
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Gaining inspiration from naturally occurring flavin cofactors, here we report a
novel alloxazine-based aqueous organic RFB. Alloxazines can be synthesized via a
simple and high-yielding coupling reaction between o-phenylenediamine derivatives and
alloxan in acetic acid and boric acid at room temperature and atmospheric pressure
(Table 5.2).68–70 Functionalization of alloxazine with a carboxylic acid group renders the
alloxazine molecule highly soluble in alkaline solution – up to 2 M in pH 14 KOH, which
corresponds to a charge density of 108 Ah/L. By pairing it up with ferri/ferrocyanide as
the positive electrolyte, we built a high-performance RFB characterized by an opencircuit voltage approaching 1.2 V and current efficiency and capacity retention exceeding
99.7% and 99.98% per cycle, respectively. Enabled by a high-throughput computational
study, a relationship between different alloxazine functional groups and their effects on
reduction potential was established and exploited to guide the design of future alloxazinebased electrolyte materials. For instance, by replacing the carboxylic acid group with
another alkaline-soluble hydroxyl group, the battery voltage can be further raised by
almost 10%.
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Table 5.2 | Reaction Scheme and Summary of Alloxazine Synthesis from Literature.

o-phenylenediamine

Alloxazines

Reaction
Time (hr)

Yield
(%)

Reference

87

Chen et
al.68

95

Gonzalo
et al.69

95

Chen et
al.68

100

Linden et
al.70

95

This work

3

86

This work

2

89

Chen et
al.68

2
alloxazine

2
lumichrome

3
alloxazine 7/8-carboxylic acid
(ACA)

7/8-hydroxyalloxazine

7,8-dimethoxyalloxazine
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5.2 Rational Design of alloxazine
Designing an appropriate organic molecule as electrolyte material starts from
identifying redox-active cores followed by functionalization of the core structure to
achieve a practical reduction potential and solubility. We observed that riboflavin 5’
phosphate (FMN), a highly water-soluble compound derived from vitamin B2, undergoes
two-electron reduction via a flavin semiquinone radical intermediate on its isoalloxazine
backbone (Figure 5.1).71,72

Figure 5.1 | Scheme of Biosynthesis and Electrochemical Reduction of Riboflavin 5’
Phosphate (FMN). Reference 70.

In alkaline solution, it exhibited high reversibility and a low reduction potential of
− 0.53 V vs. SHE (Figure 5.2a). Further exploration of its isoalloxazine motif led to the
discovery that lumichrome, an alloxazine derivative that differs from isoalloxazine by its
diazabutadiene double bond configuration, exhibited a much lower reduction potential of
− 0.70 V vs. SHE (Figure 5.2b). Alloxazine had previously been studied in the solid state
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as an anode material for non-aqueous lithium and sodium ion batteries.73 However, the
low solubility of alloxazine in a wide range of solvents presents a challenge for solutionphase applications. To increase its solubility in aqueous solution, the alloxazine core was
functionalized with an alkali-soluble carboxylic acid group. Specifically, equimolar of ophenylenediamine-4-carboxylic acid (a.k.a. 3,4-diaminobenzoic acid) and alloxan were
mixed in acetic acid in the presence of boric acid. The reaction mixture was stirred for 3
hours at room temperature under nitrogen. The final product, which was an isomeric
mixture of alloxazine 7/8-carboxylic acid (ACA), was vacuum filtered, washed with
acetic acid and air-dried. The ratio of the major and minor isomers of ACA was
determined to be approximately 5:4 based on their proton integration as highlighted in
Figure 5.3.

a)

b)

Figure 5.2 | Cyclic Voltammetry Study of (Iso)alloxazine Derivatives. (a) and (b),
Molecular structures and cyclic voltammogram of 2 mM riboflavin 5’ phosphate (FMN)
and lumichrome, respectively, scanned at 10 mV/s and 100 mV/s on glassy carbon
electrode.
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a)

b)
*

Major isomer
Minor isomer

*

Figure 5.3 | Reaction Scheme and 1H NMR of ACA. (a) Synthetic scheme of
alloxazine 7/8-carboxylic acid. (b) 1H NMR (500 MHz, DMSO-d6) spectrum of
alloxazine 7/8-carboxylic acid. Major isomer: δ 12.02 (s, 1H), 11.79 (s, 1H), 8.29 (d, J =
1.9 Hz, 1H), 8.18 (d, J = 8.8 Hz, 1H), 8.09 (dd, J = 1.9, 8.8 Hz, 1H). Minor isomer: δ
12.06 (s, 1H), 11.80 (s, 1H), 8.55 (d, J = 2.0 Hz, 1H), 8.25 (dd, J = 2.0, 8.8 Hz, 1H), 7.90
(d, J = 8.8 Hz, 1H). Major to minor isomer ratio ~ 5:4. Solvent peaks are labeled with
asterisks. Final yield: 95%.

Room temperature solubility ACA in pH 14 KOH solution was determined based
on its UV-Vis standard calibration curve (experiment carried out by Alvaro Valle). A
saturated solution of ACA was prepared by addition of ACA to a pH 14 solution until
precipitate formed. KOH was added if necessary to maintain the solution pH. Aliquots of
the supernatant were diluted with a pH 14 KOH solution and its absorbance measured
using UV-Vis spectrophotometry (Ocean Optics FLAME-S-UV-VIS; cuvettes are made
of polystyrene with a path length of 1 cm). Readings were interpolated based on a
standard calibration curve prepared by measuring the absorbance of known
concentrations of ACA (Figure 5.4).
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Figure 5.4 | UV-Vis Standard Calibration Curve of ACA. (a) UV-Vis spectra of ACA
at different concentration. (b) Standard calibration curve of ACA absorbance at λ = 287
nm vs. concentration. This calibration curve was interpolated to determine the
concentration of ACA in diluted aliquots of a saturated solution, from which the
saturation concentration of ACA was calculated.

The reduction potential of ACA from CV measurement is − 0.62 V vs. SHE
(Figure 5.5a). The larger separation between its oxidation and reduction peaks than those
of FMN and lumichrome is likely due to slower kinetics. From our rotating disk electrode
(RDE) measurement performed by Dr. Eugene Beh, the reduction rate constant was
measured to be 1.2±0.2 × 10−5 cm s−1 (Figure 5.6). Despite its much-lowered rate
compared with AQ derivatives, this value is still an order of magnitude higher than that
of the slower side of all-vanadium RFBs as discussed in Chapter 1.3.6 Detailed RDE
method can be found in Chapter 3.3.
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a)

b)

Figure 5.5 | Cyclic Voltammetry Study of ACA and Cell Schematic. (a) Cyclic
voltammogram of 2 mM alloxazine 7/8-carboxylic acid (ACA) (red curve) and
ferrocyanide (gold curve) scanned at 100 mV/s on glassy carbon electrode; arrows
indicate scan direction. (b) Schematic of cell in discharge mode. Gray arrows indicate
flow direction of electrons and white arrows indicate electrolyte solution flow. Blue
arrow indicates migration of cations across the membrane. Essential components of
electrochemical cells are labeled with color-coded lines and text.
a)

b)

c)

Figure 5.6 | RDE Measurement of ACA. (a) Plot of potential versus current density at
different rotation rates of the RDE. The solution is 2 mM ACA in 1 M aqueous KOH,
using a rotating disk electrode (RDE) of glassy carbon. Rotation rates are indicated. (b)
Koutecký-Levich plot (i −1 versus −1/2) of 2 mM ACA in 1 M aqueous KOH. The current
response, i−1, is shown for six different ACA reduction overpotentials . (c) Fit of RDE
experimental data to the Butler-Volmer equation constructed using the current response
in the absence of mass transport limitations at low ACA reduction potentials; ik is the
current extrapolated from the zero-intercept of the fitted lines in (b) (i.e. at infinite
rotation rate). The line of best fit has the equation y = 310x + 63, from which  = 0.47(4)
and k0 = 1.2(2) × 10−5 cm s−1 were calculated. Data are averaged over three runs; the
numbers reported in parentheses indicate the standard deviation in the last reported digit.
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Besides the large shift in reduction potential moving from isoalloxazine to
alloxazine, we also observed a significant increase in chemical stability in alkaline
conditions. 0.5 M FMN and ACA solutions were prepared at various pH values and kept
under darkness for two weeks. Aliquots of this solution were taken out before and after
certain period of time for CV measurement. The peak anodic and cathodic current for
each CV were used to correlate the concentration of remaining redox-active species.
Whereas CV measurement of 0.5 M FMN in an alkaline solution revealed an almost 70%
decrease in reduction signal within 2 weeks, an ACA solution at the same concentration
showed almost no sign of degradation (Figure 5.7).
a)

b)

c)

Figure 5.7 | FMN and ACA Chemical Stability Measured by Cyclic Voltammetry.
(a) Cyclic voltammogram of 1/1000th dilution of riboflavin 5’ phosphate (FMN) at pH
12.5 before (solid line) and after (dotted line) 14 days, scanned at 100 mV/s on a glassy
carbon electrode. (b) and (c) Cyclic voltammogram of 1/1000th dilution of riboflavin 5’
phosphate (FMN) and alloxazine 7/8-carboxylic acid (ACA), respectively, at pH 14
before (solid line) and after (dotted line) 14 days, scanned at 100 mV/s on a glassy carbon
electrode.

To more carefully quantify the decomposition of ACA over time, 1H NMR
analysis of a 0.5 M solution of ACA maintained at pH 14 was carried out by Dr. Eugene
Beh over the course of six weeks. A sample of ACA (0.5 M) was dissolved in a solution
of 40% wt. KOD in D2O which was then adjusted to pH 14 with the appropriate amount
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of D2O. The sample was sealed inside a J. Young tube and analyzed by 1H NMR.
Analyses of the same sample were performed after 14, 21, 28, and 42 days. Between
analyses, the NMR tube was returned to the glove bag where it was kept in the dark. The
proportion of ACA that had decomposed was determined by integrating the peaks at 6.48
ppm and comparing it to the peaks at 6.60 ppm and 6.86 ppm, which come from the
starting material (Figure 5.8a). The decomposition of ACA, assuming first-order kinetics
(R2 = 0.991), had a rate constant of 1.39 × 10−3 day−1, equivalent to a solution half-life of
500 days (Figure 5.8b). This combination of lower reduction potential (−0.62 V vs. −0.53
V) and higher chemical stability (500 days vs. 10 days half-life of FMN at pH 14), made
ACA a much better candidate for an electrolyte material.
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a)

b)

Figure 5.8 | Stability of ACA Characterized by 1H NMR. (a) 1H NMR spectra of a
sample of 0.5 M ACA at pH 14 after various time points. The proportion of ACA that
had decomposed was determined by comparing the area of the doublet that emerges at
6.43 ppm to the sum of the areas of the doublets at 6.55 ppm and 6.81 ppm, which come
from the starting material. The peaks of interest are marked with a star. (b) Graphical
depiction of the percentage of ACA remaining in the sample as a function of time (orange
trace, left axis), as well as the same data replotted assuming first-order kinetics (pink
trace, right axis). The gray dashed line represents the least-squares linear fit to the data in
the pink trace.
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5.3 Electrochemical analysis and Full-cell Studies
To demonstrate ACA in a full-cell, we paired ACA with ferri/ferrocyanide
(Figure 5.5b). For SOC, polarization and galvanostatic charge-discharge studies, the
positive electrolyte was prepared by dissolving ferrocyanide (1.9 g, 4.5 mmol) and
ferricyanide (0.15 g, 0.46 mmol) in 1 M KOH solution (11.25 mL) to afford 0.4 molar
electron concentration and 2.7 molar K+ ion solution (11 Ah/L charge density). The
negative electrolyte was prepared by dissolving ACA (0.39 g, 1.5 mmol) in 2.5 M KOH
solution (adjusted to a final volume of 3 mL) to afford 1 molar electron concentration and
2 molar K+ ion solution (27 Ah/L charge density). For high concentration ACA cycling
experiment, the positive electrolyte was prepared by dissolving ferrocyanide (3.8 g, 9
mmol) and ferricyanide (0.3 g, 0.91 mmol) in 1 M KOH solution (22.5 mL) to afford 0.4
molar electron concentration and 2.7 molar K+ ion solution (11 Ah/L charge density).
The negative electrolyte was prepared by dissolving ACA (0.78 g, 3 mmol) in 4 M KOH
solution (adjusted to a final volume of 3 mL) to afford 2 M electron concentration and
4 M K+ ion solution (54 Ah/L charge density). Excess quantities of ferrocyanide and
ferricyanide were used to ensure the negative terminal remained the capacity-limiting
side for the purpose of evaluating its electrochemical stability during cycling.
Cell hardware from Fuel Cell Tech. (Albuquerque, NM) was used to assemble a
zero-gap flow cell configuration, similar to previous reports.74 Graphite flow plates with
serpentine flow fields were used for both sides. A 5 cm2 geometric surface area electrode
comprised a stack of two or three sheets of Sigracet SGL 10AA porous carbon paper,
pretreated by baking in air at 400 °C for 24 h. A sheet of Nafion 212 membrane,
pretreated in DI water overnight, served as the ion-selective membrane. The rest of the
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space between the plates was gasketed by either Kalrez or Teflon sheets. The electrolytes
were fed into the cell through PFA tubing, at a rate of 60 mL/min controlled by ColeParmer Masterflex L/S peristaltic pumps. All electrochemical tests were performed using
a Gamry Reference 3000 potentiostat.
The resulting alkaline aqueous RFB showed an open-circuit voltage (OCV)
approaching 1.2 V. The OCV versus state-of-charge (SOC) monotonically increased from
10% to 90% SOC (Figure 5.9). Polarization studies conducted at room temperature
showed a peak power density of 0.35 W cm−2 at a current density of 0.58 A cm−2 (Figure
5.10). The linearity of the polarization curves allows us to derive a polarization areaspecific resistance (ASR), which is 1.03 Ω cm2 at 50% SOC. About 70% of this cell ASR
is contributed by the membrane measured by EIS (Figure 5.11), similar to our previous
observation.10

Figure 5.9 | Open-circuit Potential (OCP) versus State of Charge (SOC). All
potentials were taken when the cell voltage stabilized to within ± 1 mV. 100% SOC was
reached by a potentiostatic hold at 1.5 V until the current decreased to below 5 mA/cm2.
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Figure 5.10 | Polarization Study at Different Cell SOC. Cell voltage & power density
vs. current density at 20 oC, at 10%, 50%, and ~100% SOC. Electrolyte composition: 0.5
M ACA and 0.4 M ferrocyanide + 40 mM ferricyanide were used in the negative
electrolyte and positive electrolyte, respectively.
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Figure 5.11 | Electrochemical Impedance Spectroscopy (EIS) of the ACAferrocyanide. The EIS data were captured at 50% SOC. A high-frequency ASR (rhf) was
taken at ~80 kHz to be 0.74 Ω cm2. This comprises the membrane ionic resistance, the
electrode electronic resistances, and the contact resistances, but not the electrolyte
resistances. As the sum of the cell contact resistance and the electrode electronic
resistance was previously measured in a dry-cell (a setup identical to the flow cell, but
without the membrane and the flowing electrolyte) to be ~0.02 Ωcm2, the membrane
resistance, by subtraction, is thus ~0.72 Ωcm2.
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Note that ACA redox kinetics does not show up as a significant kinetic
overvoltage loss (i.e. a non-linearity at the low overvoltage region) in the polarization
curve, likely owing to the large surface area provided by the porous carbon electrodes.
The electrochemical stability of ACA was evaluated based on an extended chargedischarge study over 400 cycles (Figure 5.12). The current efficiency exceeded 99.7% at
0.1 A cm-2, which is indicative of negligible side reactions during cell cycling and a low
crossover rate through the membrane. The round-trip energy efficiency in this cycling
experiment averaged around 63%. The battery exhibited a remarkably high capacity
retention rate of more than 91% over 400 cycles or a capacity loss rate of 0.023% per
cycle.

Figure 5.12 | Galvanostatic Cycling Performance of ACA-Ferri/ferrocyanide Cell.
Capacity retention, current efficiency and energy efficiency values over 400 cycles at 0.1
A/cm2. The normalized discharging capacity is evaluated based on the capacity of the
first discharge cycle. (Inset: Representative voltage vs. time curves during 400 chargedischarge cycles at 0.1 A/cm2, recorded between the 1st and 5th cycles.)
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During galvanostatic cycling, the energy efficiency (EE) of the cell was
fluctuating and decreasing over time (Figure 5.12 bottom yellow trace). The capacity of
the cell (pink trace) was closely following the trend of cell EE. Since current efficiency
(CE) was stable, we suspected that the change of cell EE was due to decrease of cell
voltage efficiency (VE) likely caused by increasing membrane resistance. By comparing
the charge-discharge profiles of selected cycles, it was found that the profiles of both
charging and discharging cycles were moving apart from each other and toward the
cutoff voltage (Figure 5.13). This explained the decrease of cell EE. Additionally, as
cutoff voltages were triggered earlier with increasing cycle numbers, the total charging
and discharging time also decreased and led to capacity loss due to insufficient
charging/discharging of the electrolyte.

Figure 5.13 | Charging and Discharge Profiles of ACA Cycling. Cycle no. 10, 110,
210 and 380 during the 400-cycle charge-discharge study are shown. Black dashed lines
indicate the voltage cutoffs. Black arrows represent the shifting directions of the curves
during the course of the cycling study.

In order to analyze the actual capacity loss, offsetting the impact from EE
decrease, we compared the total charge from the cell before and after cycling using
108

Chapter 5 Alloxazine-based Redox Flow Battery
potentiostatic charging and discharging, at 1.5 V and 0.4 V respectively, to obtain total
charge of the electrolyte before and after cycling (Figure 5.14). From this result, the
measured capacity retention from 400 cycles was 95%, i.e. the loss rate was 0.013% per
cycle. We expect further cell development, including variations in pH, membrane, and
sealing method, to lead to further improvement of capacity retention.

Figure 5.14 | Chronoamperometric Charging and Discharging of ACA. Before (solid
line) and after (dotted line) the 400 cyclic charge-discharge study are shown. Black
dashed line indicates zero current. Integration of the curves gives a 95% discharge
capacity retention after 400 cycles.

By increasing the concentration of ACA to 1 M, we increased the electrolyte
charge density by almost two-fold (Figure 5.15a). Together with adjusted cell
compression and higher ACA concentration, we were able to improve round-trip energy
efficiency to 74%, while retaining the same level of current efficiency (99.7%) and
capacity retention per cycle (99.95%) (Figure 5.15b).
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Figure 5.15 | Charge and Discharge Profiles and Cell Cycling Performance. (a)
Representative voltage vs. time curves of the 1st charge-discharge cycle at 0.1 A/cm2 for
0.5 M ACA (dotted line) and 1 M ACA (solid line) vs. 0.4 M ferrocyanide + 40 mM
ferricyanide. (b) Capacity retention (97.5%), current efficiency (99.7%) and energy
efficiency (74%) values measured over 50 charge-discharge cycles of the 1 M ACA
negative electrolyte at 0.1 A/cm2. Normalized discharging capacity is evaluated based on
the capacity of the first discharge cycle.
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5.4 Theoretical Modeling and Screening
One useful feature of organic electrolyte materials is the ability to optimize their
properties through chemical modification, a process that can be accelerated by virtual
testing with computational methods.34,36 Dr. Rafael Gómez-Bombarelli assayed the
chemical landscape around the alloxazine backbone by computing the properties of
derivatives bearing one to four copies of each of seven functional groups. Alloxazine
derivatives subjected to the theoretical modeling are shown in Table 5.3.
Table 5.3 | Substitution patterns and predicted standard reduction potential (Eo)
and logarithmic hydration equilibrium constant (logKhyd) for alloxazines.

6

7

8

9

logKhyd

Eo (V)

logKhyd

Eo (V)

logKhyd

R = -PO3H2
-0.62
-9.4
-0.57
-8.0
-0.59
-7.2
-0.59
-7.9

R = -SO3H
-0.67
-7.7
-0.52
-7.9
-0.57
-7.7
-0.63
-8.1

R = -COOH
-0.53
-6.1
-0.56
-7.9
-0.60
-8.2
-0.59
-10.0

2 substituents
R R H H
R H R H
R H H R
H R R H
H R H R
H H R R

-0.52
-0.64
-0.63
-0.55
-0.56
-0.55

-9.0
-7.7
-7.3
-7.3
-7.5
-8.0

-0.47
-0.54
-0.63
-0.50
-0.62
-0.47

-9.4
-7.8
-7.4
-7.2
-7.1
-7.0

-0.56
-0.49
-0.45
-0.57
-0.48
-0.56

-8.2
-10.4
-7.8
-7.9
-7.8
-7.7

3 substituents
R R R H
R R H R
R H R R
H R R R

-0.60
-0.61
-0.57
-0.56

-7.4
-7.1
-8.2
-6.8

-0.41
-0.40
-0.38
-0.43

-6.9
-7.1
-6.1
-6.7

-0.44
-0.43
-0.47
-0.51

-7.9
-7.4
-10.1
-7.4

4 substituents
R R R R

-0.52

-9.7

-0.35

-6.3

-0.43

-7.8

H
H
H
R

1 substituent
H H R
H R H
R H H
H H H

Eo (V)
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Table 5.3 | (Continue.)
6

7

8

9

Eo (V)

logKhyd

Eo (V)

logKhyd

Eo (V)

logKhyd

1 substituent
H H H R
H H R H
H R H H
R H H H

R = -F
-0.63
-8.1
-0.66
-8.2
-0.64
-8.3
-0.63
-8.2

R = -OCH3
-0.54
-8.3
-0.71
-8.2
-0.70
-8.6
-0.57
-8.3

R = -CH3
-0.67
-8.5
-0.68
-8.6
-0.67
-8.6
-0.67
-8.5

2 substituents
R R H H
R H R H
R H H R
H R R H
H R H R
H H R R

-0.63
-0.64
-0.61
-0.65
-0.61
-0.62

-8.0
-8.1
-7.9
-8.0
-7.9
7.9

-0.61
-0.63
-0.49
-0.76
-0.58
-0.66

-7.7
-8.9
-8.1
-8.3
-9.2
-8.9

-0.68
-0.70
-0.69
-0.70
-0.69
-0.69

-8.6
-8.8
-8.6
-8.7
-8.7
-8.6

3 substituents
R R R H
R R H R
R H R R
H R R R

-0.63
-0.59
-0.62
-0.63

-7.9
-7.8
-7.8
-7.9

-0.64
-0.51
-0.58
-0.64

-8.1
-8.2
-8.8
-8.9

-0.71
-0.70
-0.71
-0.72

-8.6
-8.7
-8.9
-8.8

4 substituents
R R R R

-0.61

-7.7

-0.62

-8.7

-0.77

-8.8

Figure 5.16 shows the variation in predicted standard reduction potential (E0)
within the alloxazine class. The additive effect of electron donating and electron
withdrawing groups is observed as they lower and raise the reduction potential,
respectively, across a range of 400 mV. Hydroxyl, methyl and methoxy substituents
afford the largest increases in cell potential. Liuchuan Tong and the author prepared 7/8hydroxyalloxazine and 7,8-dimethylalloxazine via the aforementioned ophenylenediamine-alloxan coupling chemistry (Table 5.2 and Figure 5.17 and 5.18). CV
of these two compounds showed values below −0.73 V (~110 mV lower than ACA),
potentially raising the battery voltage by another 10% (Figure 5.16 c and d).
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Figure 5.16 | Theoretical Calculation and Cyclic Voltammetry Study of Alloxazines.
(a) Predicted reduction potential at the B3LYP 6-311+G** CPCM level of theory for
substituted alloxazines at pH=14.0 vs. RHE as a function of number and type of
substituent. Bars range from first to third quartile, whiskers extend across the range, and
horizontal lines mark the mean. (b) Predicted logKhyd at the B3LYP 6-311+G** CPCM
level of theory for substituted alloxazines as a function of number and type of substituent.
(c) and (d) Molecular structures and cyclic voltammogram of 1 mM 7/8hydroxyalloxazine and 7,8-dimethoxyalloxazine, respectively, scanned at 100 mV/s on
glassy carbon electrode.
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Major isomer

*

*

Minor isomer

*

*

Figure 5.17 | Synthetic Scheme and 1HNMR of 7/8-hydroxyalloxazine. 1H NMR (500
MHz, DMSO-d6) spectrum of 7/8-hydroxyalloxazine. Major isomer: δ 12.02 (s, 1H),
11.79 (s, 1H), 8.29 (d, J = 1.9 Hz, 1H), 8.18 (d, J = 8.8 Hz, 1H), 8.09 (dd, J = 1.9, 8.8 Hz,
1H). Minor isomer: δ 12.06 (s, 1H), 11.80 (s, 1H), 8.55 (d, J = 2.0 Hz, 1H), 8.25 (dd, J =
2.0, 8.8 Hz, 1H), 7.90 (d, J = 8.8 Hz, 1H). Solvent peaks are labeled with asterisks. Final
yield: 86%.

*

*

Figure 5.18 | Synthetic Scheme and 1HNMR of 7,8-dimethoxyalloxazine. 1H NMR
(500 MHz, DMSO-d6) spectrum of 7,8-dimethoxyalloxazine δ 12.02 (s, 1H), 11.79 (s,
1H), 8.29 (d, J = 1.9 Hz, 1H), 8.18 (d, J = 8.8 Hz, 1H), 8.09 (dd, J = 1.9, 8.8 Hz, 1H).
Solvent peaks are labeled with asterisks. Final yield: 94%.
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In addition to tuning its reduction potential, modification of alloxazine with
appropriate functional groups could also improve its chemical stability. Alloxazines
undergo ring-opening reaction in aqueous solvent via the addition of water to the amidic
carbonyls followed by continuing hydrolysis to redox-inactive species (Figure 5.19).75
Increases in pH catalyze the hydrolysis process, as observed in the FMN stability study
and informed by literature.76,77 Nevertheless, the low pKa values at the amide nitrogen
(8.4 and 11.4 for lumichrome78) result in the accumulation of two negative charges in the
imidic conjugate system at high pH values; this process ultimately hinders the hydrolysis
reaction by lowering the electrophilicity of the carbonyl groups.79 Since the redox center
and the center of electrophilic reactivity are separate in alloxazines, design strategies are
available to decrease chemical reactivity, such as tuning the electrophilicity of
alloxazines via different functional groups. We evaluated all the screened alloxazines
based on their predicted equilibrium constant, Khyd, for the reversible hydration of the
carbonyl groups (Figure 5.16b), with lower value of Khyd corresponding to less
electrophilic carbonyls. We found that the same electron-donating groups that contribute
toward the desired reduction potential values also have a protecting effect against
hydrolysis, as is the case with amides in general (i.e. hydrolysis rate of amides in the
basic medium has a linear dependence in Khyd).80 For instance, hydroxyl derivatives lower
Khyd by as much as two orders of magnitude, thereby shifting the equilibrium toward the
redox-active “de-hydrated” form.
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Figure 5.19 | Decomposition Scheme of Lumichrome. Two acidic protons on proposed
Lumichrome Decomposition Mechanism at Different Deprotonation level. From
Reference 20.
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5.5 Conclusions
By drawing inspiration from vitamin B2, we introduced a novel family of organic
molecules for RFB applications. The alloxazine redox-center exhibits sufficiently high
electrochemical and chemical stability, and sufficiently low reduction potential, to be
exploited as a negative electrolyte material in an alkaline RFB. Synthesis of a
functionalized alloxazine redox-active center was carried out via a very simple coupling
chemistry utilizing only o-phenylenediamine derivatives, alloxan, acetic acid and boric
acid, without employing high temperature or pressure. We paired alloxazine 7/8carboxylic acid with ferri/ferrocyanide to demonstrate a high-performance alloxazinepowered RFB. The current efficiency exceeded 99.7% while its capacity retention over
400 charge-discharge cycles was shown to be ~95% cumulatively, or 99.98% per cycle.
With a better understanding of the alloxazine system enabled by theoretical modeling, we
have designed and characterized another two alloxazine-derived molecules promising
almost 10% further increase in battery voltage. The introduction of aza-aromatic redoxactive species opens up a new direction in designing organic electrolyte and delivers a
promising pathway to accelerate development of aqueous organic RFBs.
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