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Abstract

Redox flow batteries (RFBs) are rapidly emerging as the one of the most practical
solution for grid-scale energy storage and energy management due to their relative
simplicity, high performance, long lifetimes and decoupled power and capacity. In
addition, the use of redox active organic molecules to store energy have several
advantages than other conventional redox flow battery (e.g., vanadium-based) such
as higher energy efficiency, solubility, multiple number of electron transfer and rapid
electron transfer kinetics. In this work, we reported the organic electrolyte based
alkaline redox flow battery using reactants composed of only earth-abundant material
which are nonflammable, not expansive, non-toxic and working in alkaline medium
(pH = 14). Alloxazine ester, inspired from vitamin B12 structure, was used at the
negative side of the RFB and ferrocyanide or manganate were used at the positive
side. The use of manganate at the positive side was investigated at concentration up
to 100 mM and limited by manganese oxide platting on the battery components
(electrodes and membrane). As a consequence, ferrocyanide was used as posolyte
for battery cycling at higher concentration (0.4 M ferrocyanide at the positive side and
0.38 M alloxazine ester at the negative side). Finally, the alkaline RFB reached high
performances up to 100 cycles with the volumetric capacity of 17.41 Ah L including
98 % coulombic efficiency per cycle and average voltage and energy efficiencies of

91 % and 90%, respectively.
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Chapter 1

Introduction

1.1 Energy storage technologies

At present, the supply of the power to industry and transports are mostly generated
from non-renewable energy resources such as coal, fossil fuel and natural gas.!
However, their effects on environmental pollution and the depletion of fossil resources
expose the world to a serious global energy crisis.! The recent development of energy
production based on renewable resources such as wind or solar, biomass, geothermal
energies requires a reliable way to store theses energies.? The power output of
renewable resources varies a lot during the day and night depending on the light
intensity and wind speed, respectively. For example, energy production from solar
panel depends on the weather conditions, which make their energy production very
hard to predict. The intermittent energy production of renewable energy does not fit
properly with the current energy demand. Therefore, there is a crucial need for large
scale energy storage systems which can provide an alternative solution to the issues

of the decoupling power generation and consumption.3 4

Therefore, storing the excess of energy generated by the renewable sources
into electrochemical energy storage systems (EESS) could be used to address, for
example, the need of energy when the demand is high. Batteries are common EESS
and are storing electrical energy by converting the chemical energy. For large scale
grid applications, the most considered batteries have been sodium-sulfur batteries
(Na-S), lithium-ion batteries (Li-ion) and redox flow batteries (RFBs).*> Properties of
each system are depicted in the Tablel. The required properties to be used as storing
technologies are high efficiency, high number of charge/discharge cycles and

reasonable costs.® RFBs are type of battery that seems to fit these requirements.’

1.2 Comparison to Li-ion battery in terms of performances
The redox flow batteries have a low volumetric energy density (10-40 Wh L™) as
compared to Li-ion (233 Wh L™%).48 Li-ion batteries are suitable for both mobile and

stationary applications. The main limitation includes lithium dendrite formation with

12



high packaging cost and flammability of solid electrolytes used in such system. As a
consequence, RFBs are considered as first choice owing to the cost of lithium as well
as longer life time. Additionally, the safety concerns of the redox flow systems are very

less, cyclability and stability are stupendous.’

Table 1: Technical characteristics for Li-ion, Na-S, and RFB 439,

Batteries E density Discharge time | Cycle lifetime T [°C]
[Whikg] [h]
Li-ion 100-200 1 600-1200 -10-40
Na-S 120-150 1 2500-4500 300-500
RFB 10-50 1-10 >10,000 10-50

1.3 Development of redox flow battery (RFBS)

The concept of redox flow battery developed from the National Aeronautics and Space
Administration (NASA),° in the early seventies, derived from redox fuel cells,
published by Posner and co-workers in 1955.1' Redox flow batteries (RFBs) have
many advantages over other energy storage systems as well as an excellent
combination of energy efficiency, relatively low cost, long lifetime and low self-
discharge.?

RFB stores energy by converting electrical energy into chemical energy
through the oxidation and reduction of dissolved electro-active species in liquid
electrolytes. By reversing these chemical reactions electrical energy can be recovered
upon discharge. The electro-active species and electrolyte are stored externally on
two separate reservoir tanks and are continuously pumped to flow through the
electrodes located in the battery (Figure 1).2 The electrochemical cell consists of a
negative and positive electrode and an ion exchange membrane (IEM). The latter
separates both electrolyte chambers while allowing transport of the charge carrying
ions (e.g., H*, CI, K*,..) to maintain electrical neutrality and electrolyte balance. Both
the electrodes are connected through the external circuit to an electric load during

discharging and power source during charging.*?
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Figure 1. Schematic of a redox flow battery.

In order to charge the battery, a voltage is applied to the electrochemical cell.
Oxidation reaction occurs on the positive side and reduction occurs on the negative
side.3

Positive side:  A* — AX"+ne- (2)

Negative side: BY + ne”— BY™ (2)

During the discharging of the cell, current is opposite, and reverse reactions occurs
(eq.3 and eq.4).13

Positive side: A**"+ne- — AX (3)
Negative side: BY" — BY +ne (4)
As compared to other battery technologies (e.g., Li-ion), power and energy are
decoupled: the energy density depends on the redox species concentration and

volume of electrolyte, while the power can be tuned by increasing the number the

electrodes and their surface area.



1.4 RFB chemistries

During last few decades, a large variety of cathodic and anodic redox couples, suitable

for RFBs, have been studied as mentioned in Table 2 and Table 3. The redox potential

and solubility of the redox species are the main criterion that determines the battery's

total energy density. The most investigated RFB’s are all-vanadium and bromine-

polysulfide. The technical characteristics of some RFB system are shown in Table 4.

Table 2: A list of cathodic redox couples used in RFBs.

Redox couples E° [V vs. SHE] Redox Reaction References
V3t [ V2t -0.26 V3 +le = V* 14
Cr3*/Cr?* -0.41 Cr¥* +1le = Cr#* 8
Sa? | S2* -0.26 S4% + 28 =2 So* 8
Fe?* /| Fe -0.3 Fe?* +2e = Fe 8
Pb%* / Pb -0.13 Pb%* + 2e- = Pb 8
Zn?* [ Zn -0.76 Zn?* +2e = Zn 8

Table 3: A list of anodic redox couples used in RFB.
Redox couples E° [V vs. SHE] Redox Reaction References

VO2* [ VO2?* +1.00 VO2© + 2H* + 1e- = VO + 15
2H20

Fe3* | Fe2* +0.77 Fe3* + le- = Fe?* 8

Brs/ Br +1.09 Brs + 2e- = 3Br 8

PbO2 / Pb%* +1.49 PbO2 + 4H+ + 2e" = Pb?* + 8
2H20

Ce* | Ce3t +1.75 Ce* + le" = Ced* 16

Mn3* / Mn2* +1.51 Mn3* +1e” = Mn?* 14

15




Table 4: Technical characteristics of different liquid phase RFB batteries!’

Batteries Standard cell voltage (V) Efficiency (%)

All- vanadium 1.3 80-90

[ron-chromium 1.2 40-50
Vanadium-Bromide 11 80

Zinc-Cerium 2.6 80-90

Bromine-Polysulphide 15 60-65
Iron-Iron 1.1 50

All-lead 15 60-65

1.5 Vanadium redox flow Battery (VRFBS)

Vanadium redox flow batteries are one of the most developed flow battery, which was
pioneered by Maria Skyllas-Kazacos and co-workers in 1985.% The V3*/V2* redox
couple works in the negative half-cell, and the V5*/V** redox couple works in the
positive half cells as mentioned in Figure 2. These four stable oxidation states,
dissolved in acidic aqueous solutions (1.6 M of vanadium ions in 2 M H2S0a4), are
characterized by their own colour: V2* (violet), V3* (green), V4 (blue), V°* (yellow).
During the discharge, V?* is oxidized to V3* (eq.5) in the negative side (anode), while
V®* is reduced to V** (eq.6) at the positive side (cathode).!® The two redox reactions

are depicted below: 18

Negative side: V2" — V3 +e E°=-0.26 V vs. SHE (5)
Positive side:  VO*2+e +2H* -VO?* + H2O E° =+1.00V vs. SHE (6)
The use of the same element at various oxidation states minimizes crossovers through

the membrane. An energy density around 40 Wh L is achieved in this system at the

maximum solubility limit of vanadium species.*®
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Figure 2: Schematic representation of a Vanadium Redox Flow Battery4.

The main advantages of vanadium flow battery are high durability over more than
10000-20000 charge/discharge cycles and their stability against crossover of the
vanadium species. Vanadium RFBs such as all-vanadium, iron/vanadium,
cerium/vanadium, vanadium/air RFBs reached the phase of commercial development
for large scale energy storage.?® However, major drawbacks of these batteries are the
low energy density. Indeed, the energy density of the battery is limited by the solubility
of the vanadium species in the electrolyte, the range of the concentration is (1-2M)
and the corresponding energy density is approximately 25-40 Wh L. Furthermore,
the fluctuating cost of vanadium pentoxide and the limited resources of vanadium
metal on Earth drive the research to the development of more Earth-abundant
electrolytes.?!

Scientists have implemented water soluble redox active organic molecules into
RFBs, which are low cost, easy to synthetize and non-flammable.?® Therefore,
aqueous organic redox flow battery (AO-RFB) are promising batteries for the clean-
energy storage system.

1.6 Aqueous organic redox flow battery (AO-RFBS)

Implementation of water soluble redox active organic molecules opens a new
opportunity for AO-RFBs to reduce the electrolyte cost and easily tune their properties.

Chemical modifications by addition of various functional groups can improve the

17



solubility, the redox potential, the cell voltage, the energy density, and provide a
multiple electron transfer with fast kinetics.?? 23
Aqueous organic redox flow batteries have several advantages over the other
flow batteries:
e They have high thermodynamic standard potentials and high-specific charge
storage capacity due to molecules with low molecular weight.
e Aqueous electrolytes have safety benefits since they do not contain any
flammable electrolytes.
e Aqueous electrolytes are inexpensive since they consist of water and inorganic
salts such as NaCl and KOH.?425
The limitations of the aqueous redox flow batteries are the following:
e The water potential window is controlled by hydrogen and oxygen evolution
reactions, so called HER and OER and the cell potential is limited to 1.23 V.
The latter strongly depends on the pH and the potential window is larger in
alkaline conditions (1.5-1.6 V)
e Chemical degradations of the redox species decrease the overall efficiency of
the RFB.2% Major chemical degradation mechanisms are nucleophilic addition,

hydrolysis, self-oxidation and self-polymerization.

Over the last 5 years, several organic and organometallic RBFs have been reported
in different environment such as acidic, alkaline or neutral conditions and are based
on TEMPO, anthraquinone, quinone, methyl viologen and ferrocene derivatives.??

Wang et al. reported a low cost and sustainable AO-RFB using organic radical
4-hydroxy-TEMPO (catholyte) and methyl viologen (MV, anolyte) with NaCl as
supporting electrolyte at neutral pH. The operating cell voltage of the battery is 1.25
V. Nevertheless, the effective capacity of the anolyte (3.0 M MV) was 43.2 Ah L, and
the overall performance of the battery is restricted by the catholyte solubility limit (4-
hydroxy-TEMPO, < 0.5 M in NaCl). Finally, a volumetric energy density of 8.4 Wh L™
was achieved. The battery operated at high current densities ranging from 20 to 100
mA cm2 and achieved a coulombic efficiency of 100% over 100 cycles.?’

Aziz et al. reported another metal free organic-inorganic aqueous redox flow
battery using 9,10-anthraquinone-2,7-disulfonic acid (AQDS) at the positive side and

bromine redox couples at the negative side with fast kinetic and reversible 2e" transfer
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process in sulfuric acid. A capacity retention of 99% per cycle and power density of
0.6 W cm2 at 1.3 A cm?were demonstrated.?®

1.7 Alkaline Redox flow batteries - State of the art

In order to increase the overpotential of the side reactions and the expected cell
voltage, alkaline redox flow batteries were developed recently. Quinone and
Alloxazine derivatives, inspired from vitamin B12 structure, were studied by Aziz group
as promising candidates for alkaline redox flow batteries.?® Aziz et al. reported the
guinone based flow batteries in alkaline conditions (1 M KOH) using 2,6-
dihydroxyanthraquinone (0.5 M) at the negative side and ferro/ferricyanide (0.4 M) at
the positive side, with redox potential of -0.69 V vs. SHE and +0.51 V vs. SHE. The
operating voltage of the battery is 1.2 V with the current and round-trip energy
efficiencies of 99 and 84% with 0.1% capacity fading per cycle.*°

Further, Aziz group reported another organic molecule as negative electrolyte
using alloxazine 7/8-carboxylic acid in 1 M KOH. A one-step synthesis from o-
phenylenediamine and alloxan gave a highly soluble redox molecule (2 M at pH 14)
leading to a cell voltage of 1.2 V and capacity retention and energy efficiency of
99.98% and 63% over 400 cycles at a current density of 0.1 A cm™. Since alloxazine
is not soluble in water, it has been altered to improve solubility by adding extra
functional groups like COOH and OH.?° Summary of organic based alkaline redox flow
batteries are mentioned in Table.5.

Table 5: Summary of organic based alkaline redox flow batteries.

Negolyte Posolyte Cell potential CE, EE Ref.
0.5 M Alloxazine 0.4 M 1.2V 99.7 %, 29
carboxylic acid (ACA) Ferrocyanide/40 74%
mM ferricyanide
0.24 M Flavin 0.4 M 1.03V 99% 31
mononucleotide Ferrocyanide
0.5 M 2- hydroxy-3- 0.4 M 1.02V 94.7% 82
carboxy-1,4- Ferrocyanide

naphthoquinone
(HCNQ)
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0.5 M 2,5-dihydroxy-
1,4-benzoquinone
(DHBQ)
0.5M 2,6-
dihydroxyanthraquinone
(DHAQ)

1.8 Objectives of the Master Thesis

04 M
Ferrocyanide
[ferricyanide

04 M

ferrocyanide

1.21V

1.2V

99.96 %,

99 %, 84%

37%

33

30

The objective of this thesis is to investigate novel redox couples for alkaline redox flow

battery to increase the cell potential, electron transfer kinetic and efficiency of common

RFBs. Therefore, we are introducing for the first time two electrolytes K2MnO4 and

ferrocyanide for the positive side (posolyte) and alloxazine ester for the negative side
(negolyte) using 1 M KOH as supporting electrolyte (pH 14). KoMnOa4 was chosen
because of its high electrochemical reversibility and high solubility in alkaline media.3*

Figure 3 presents the flow cell in charging mode. Arrows indicate the direction

of electron flow. The molecule structures of oxidized and reduced species are shown

in the corresponding tank and redox reactions are mentioned below.

Negoalyte
p +
e

Pump

1

Power source -
load

Figure 3: Schematic scheme of alkaline redox flow battery in charging mode.
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Nagative side redox reaction:

~

o] o]

Positive side redox reaction:

Posolyte 1: MnOg4 +e

Posolyte 2 : Fe (CN)e* + e

—

2H*, 2e

MnQOa4?

— Fe (CN)s*

21

I=
I=

E°=-0.63 V vs. SHE

E° =+0.56 V vs. SHE

E°=+0.51V vs. SHE

NH

(7)

(8)

9)



Chapter 2

Theoretical Part

2.1 Electrochemical cell: Three electrodes set-up

The three electrodes set-up is made of a working electrode (WE), a reference
electrode (RE) and a counter electrode (CE). The working electrode is the electrode
where the electrochemical reactions occurs. The reference electrode has a stable and
well-defined electrode potential. The current is recorded in between the working
electrode and counter electrode and the potential of the working electrode is measured
according to the potential of the reference electrode. The three electrodes are
connected to a potentiostat, which measures the electroanalytical phenomenon
occurring in the electrochemical cell. Figure 4 illustrates an electrochemical cell with

three electrode setups.

Potentiostat

Electrolyte

Figure 4. Schematic representation of three- electrode setup in an electrochemical

cell.

2.2 Nernst equation
The Nernst equation relates the potential of redox species to the concentration of the

oxidant and reductant.3®

22



General electrochemical reduction reaction is mentioned below:

Ox+ne” — Red

The Nernst equation is written as follow:

E = E° + RT/nF - In ([L"e’j]b) (10)

Where, E represents the potential of the redox species electrolyte (V) and E° is the
thermodynamic standard potential of the redox couple involved (V), R is the gas
constant (J mol* K1), T the temperature (K), n the number of electrons exchanged,
and F is the Faraday constant C mol. [Ox] and [Red] are the concentration of oxidant
and reductant respectively (mol L) and finally a and b are the stoichiometric

coefficients of the oxidant and reductant species in the redox equation.¢

2.3 Beer-Lambert law
The Beer-Lambert law is the linear relationship between absorbance and
concentration of absorbing species in the solution at particular wavelength (path

length).
A=exIxC (11)

Where A is the absorbance of the sample at a given wavelength, € is the molar
extinction coefficient (L molt cmt) of the species in the sample, C is the concentration

of the analyte (mol L) and [ is the length of the sample (cm).

2.4 Cyclic voltammetry

Cyclic voltammetry (CV) is a useful potentiodynamic electrochemical measurement,
in which the working electrode potential is ramped linearly versus time in a fixed
potential window. The resulting current at the working electrode is then plotted versus
the potential and the cyclic voltammogram is then obtained. An increase of the current
in the positive values relates an oxidation process and an increase in the negative
values shows a reduction. If the redox reaction is in equilibrium (lp,ox/lp,red = 1), the

redox process is called reversible as shown in Figure 5.
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The diffusion coefficient of the redox specie into the supporting electrolyte was

estimated by CV by ranging the scan rate using the Randles-Sevcik equation:
3 11
Ip = (2.69 x 10°)nz ADzvz2C* (12)

Where, Ip = peak current (A), n = number of electron, A = geometrical area of the
working electrode (cm?), D = diffusion coefficient (cm? s), C*= concentration of the

redox specie (mol cm3) and v = scan rate (V s).

Faradaic Epa Anodic (oxidation)
Current - Positive Current
Capacitive (analyte)

Current
(background)

M | / Potential / V

Current/ A

Cathodic (reduction)
~Negative Current

ipc
Figure 5: Schematic representation of cyclic voltammogram for a reversible

system3’,

2.5 Rotating-Disk-Electrode (RDE)

The rotating-disk electrode, was used as hydrodynamic working electrode, to limit the
diffusion layer thickness formed in the electrolyte upon mass-transport limitations (in
stationary measurement).2 In this technique, the electrode is uniformly accessible and
the diffusion and convection of the reactant at the electrode surface is under control.

The following equation describes the approximate diffusion layer thickness &o: where

w Is the rotation rate in rpm.

1 1

1 -—
8, =498D3vewz (13)
The limiting current observed with RDE is reported by the Levich equation:

2 1 1
i, = (0.62)n F A D3 vé wz C* (14)
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Where, i; = limiting current (A), n = number of electrons, w = angular frequency
(rad s1), v = kinematic viscosity (cm? s1), F = Faraday constant (C mol?), D = Diffusion
coefficient (cm? s1), C* = Analyte concentration (mol cm3).

If the redox process is reversible (with no involved chemical processes), the
shape of wave should not depend on the w. Therefore, the limiting current should be
proportional to w'/? at any potential. On other hand if the shape of the curves depends
on w, then the redox process is kinetically limited. For the redox reaction, kinetic
parameter such as rate constant and transfer coefficient can be estimated by using

the Koutecky-Levich equation:=8

l.:.l'i' 12 1 1 (15)

J Tk (0.62)NFAD3vV 6 w2C

Where, j is the total current density and jk is the kinetic current density.

(a) J—»Eleotrie brush (b)

T Mental shaft
f 774 |

Disk electrode
(Glassy carbon)

Current (UA)

Electrode isolator

240 0 240

Potential (mV vs E°)

Figure 6: (a) Scheme of a rotating disk electrode (b) RDE voltammogram for both

anodic and cathodic redox couples®?,

2.6 Battery efficiency

The efficiency of the battery is usually defined by the energy efficiency, which is the
ratio of the electrical work recovered from the battery during discharging compared to

the electrical work used for charging it.3¢

25



deischarge deischarge Wdischarge
77Energy - (16)

I Vcharge dQcharge Wcharge

The energy efficiency can be decomposed in between the voltage and coulombic

efficiencies.

nEnergy = Ncoulombic * nvolatge (17)

The coulombic efficiency considers the charge loss and is defined as the ratio between
the charge output (discharging) and the charge input (charging). The charge losses
are caused by either crossover of the electrochemical species through the membrane

or side reactions.

_ fldischarge dtdischarge _ Qdischarge (18)

Ncoutombic =
flchar,gedlchar,ge Qcharge

The voltage efficiency is related to the voltage loss and is defined as the ratio between
the average charging voltage compared to the average discharging voltage.

1 tDischarge Vs dt
_ Qdischarge _ tDischarge© discharge 19
Nvolatge = Q = " TCharge ( )
charge : 5 VChargedt
charge

This efficiency is related to the overpotential of the system that is given by:

N = Emeasurea — Eeq = Nkineticlmass—tranfer T IR (20)

The overpotential is the difference between the potential at equilibrium (given by
Nernst eq.7) and the potential measured under the current, and the ohmic drop (IR) of
the system, where R is the resistance of the system (Q) and | is the current driven in
the system (A).36
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Chapter 3

Experimental Methods

3.1 Chemicals

Alloxan monohydrate (C4H2N204 - H20, 98%) and acetic acid (C2H4Oz2, 99.5%) were
purchased from Acros Organics, and methyl 3,4-diaminobenzoate (CsH10N202, 98%)
was purchased from Alfa Aesar. Boric Acid (H3sBOs, 99.5%) and diethyl ether
((C2H5)20, 99%) were purchased from Sigma Aldrich. Electrolyte solution was
prepared from Potassium hexacyanoferrate(lll) (KsFe(CN)s, 99% Fulka), Potassium
hexacyanoferrate(ll) trihydrate  (KaFe(CN)6.3H20, 99% Acros), Potassium
permanganate (KMnOas, 97% Fulka) and Potassium hydroxide (KOH, 85% pellets,
Sigma Aldrich).

3.2 Synthesis of alloxazine ester

Alloxan monohydrate (3.12 mmol, neq = 1, MW= 160.09 g mol* ) and boric acid (3.12
mmol, neg= 1, MW=61.83 g mol*) was added into 60 mL of acetic acid. The reaction
mixture was stirred at 70°C at atmospheric pressure under nitrogen. Methyl 3,4-
diaminobenzoate (3.12 mmol, neg=1, MW= 166.18) was added in 30 mL of acetic acid
and the solution was bubbled with N2 for 30 min. Methyl 3,4-diaminobenzoate solution
was then added quickly (avoid the precipitation) in the alloxan/boric acid solution. After
the reaction (4 days), the product was collected by vacuum filtration, washed with
acetic acid, water, and diethyl ether, and dried rotary evaporator. The yield was
obtained 94%.

~
NH; 0 o 9
- o Acetic acid : " "
+ Gt HO
o )\ Boric acid P )\
N H [e]
H

Figure 7: Synthetic scheme of alloxazine ester.
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To characterize the final product, *H NMR spectra were recorded using routine NMR
spectrometers operating at 400MHz. Major isomer:*H NMR (400 MHz, DMSQO) 5 12.10
(s, 2H), 11.84 (s, 2H), 8.66 (d, J = 1.9 Hz, 1H), 8.40 (d, J = 1.8 Hz, 1H), 8.34 (dd, J =
8.8, 2.0 Hz, 1H), 8.28 (d, J = 8.8 Hz, 1H), 8.18 (dd, J = 8.7, 1.9 Hz, 1H), 8.00 (d, J =
8.8 Hz, 1H), 3.96 (d, J = 2.3 6H).

Alloxazine este [-3800
oAz s | EETFRIANAGLALLIE 2%
a2 s8XElaRadicagddgin ag
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Figure 8: 'H NMR (400 MHz, DMSO) spectrum of alloxazine ester.
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3.3 Electrochemical analysis

Electrochemical characterizations were done using the cyclic voltammetry (CV) and

rotating disk electrode (RDE) experiments.

3.3.1 Cyclic voltammetry experiments

Cyclic voltammetry experiments were performed in alkaline medium 1 M KOH using
an Autolab PGSTAT302N potentiostat-galvanostat. All the measurements were
recorded at room temperature using NOVA software by Metrohm. CV were performed
with a three-electrode setup using glassy carbon (0.071 cm?) as a working electrode,
platinum wire as a counter electrode, and homemade Ag/AgCI (3M KCI) as a reference
electrode (low concentration of electrolytes likel mM) and mercury reference electrode
(higher concentration of electrolytes like 10 mM), regularly measured against a master
Ag/AgCI (KCI sat) electrode (0.230V £10mV). The electrodes were polished using
alumina paste (1uM) before starting the experiments. Nitrogen gas was bubbled in the
solution 10min before the beginning of the measurements to remove the Oz from the
solution. CV was recorded in different electrolytes like alloxazine ester, ferricyanide,

ferrocyanide, KMnO4 and K2MnOa in 1M KOH using different scan rates.

3.3.2 Rotating-Disk electrode experiments

Rotating disk electrode experiments were performed using a Metrohm rotator
instrument using similar setup as the one used in cyclic voltammetry. Linear sweep
voltammetry (LSV) were performed on a 5mm diameter platinum disc in alloxazine
ester, ferricyanide, ferrocyanide, KMnO4 and KaMnO4 in 1M KOH. The electrodes were
polished using alumina paste (1uM) before starting the experiments. Nitrogen gas was
bubbled in the solution 10min before the beginning of the measurements. Counter
electrode was the same used as similar to CV experiments and mercury oxide
(Hg/HgO) electrode was used as reference electrode. The following rotation speed
were used in the LSV experiments: 100, 200, 300, 400, 500, 600, 700, 800, 900,1000
rom. The diffusion coefficient of the redox specie was calculated from the Levich

equation.
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3.4 Optical measurements

Absorption spectra were measured on a PerkinElmer UV-vis spectrophotometer
Lambda 950s to know the solubility limit of alloxazine ester, ferricyanide, ferrocyanide,
KMnO4 and K2MnOa4 in 1M KOH. A saturated solution of alloxazine ester was prepared
by addition of the analyte until a precipitation formed. Additional 1M KOH was added
to mix the suspension. The solution was mixed and stirred for 2 hours to make sure
that no particles will be dissolved in the solution. Then, the suspension was
centrifugated to collect the supernatant. The supernatant was diluted in 1M KOH
solution and its absorbance was measured using the UV-vis spectrophotometer. In
order to determine, the extinction molar coefficient of the redox specie in 1 M KOH,
UV-vis spectroscopy was measured for at different concentrations ( 10, 20, 40, 60, 80,
100 puM). The obtained standard calibration curve (A vs C) was used to extract the

extinction molar coefficient using the Beer-lambert law.

3.5 Surface Characterization

The morphological characterization of the electrode (carbon felt) before and after cell
cycling were studied by scanning electron microscopy (SEM). SEM images were
performed with a Teneo SEM (FEI, USA) equipped with a Schottky field emission gun
using voltage range between 1 to 10kV and different magnification.

3.6 Flow cell experiments

The cell consists of two titanium current collector (positive and negative half-cells,
respectively) connected to the external electrical circuit. Nafion® N117 ion exchange
membrane (fuel cell store, USA) were used as a separator. The end plates were made
of the polypropylene material because this material resists to alkaline medium. The
electrodes were carbon felt (AvCarb Felt G200, fuel cell store, USA) with a geometrical
area 2 cm? and a thickness 1mm. They were pre-treated by heating in an oven at
300°C overnight. Silicon and teflon gaskets were added in between the current
collectors and membrane to improve the tightness and avoid cell leakages. The
volume of the electrolytes was 10 mL in the negative side and 20 mL in the positive
side. The electrolyte solutions were mechanically pumped (Masterfles L/S, Cole-
Parmer) with the flow rate of 21ml min (12rpm) through the electrochemical cell.

Anaerobic conditions were achieved by flushing N2 within the electrolyte reservoir,
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continuously. The flow cell performances were recorded by galvanostatically
controlled potential-limited techniques at various current using EC-Lab software. The
flow cell measurement was performed in a three-electrode setup configuration using
mercury/mercury oxide as a reference electrode. A picture of the flow cell setup is

depicted in Figure 9.

N, Flow

|~ Posolyte

Figure 9: Flow cell setup during cell cycling.

When the concentration of electrolytes was increased up to 100 mM, the viscosity of
the electrolyte was significantly higher, leading to mass transport limitations. As a
consequence, the battery setup was slightly changed: the electrode surface area was
increased to 8cm? and the electrode thickness was fixed to 6mm. The flow rate was
enhanced to 25ml mint (14 rpm). In higher concentration , we were use the 5mm gold
coated titanium current collector as shown in Figure 9 to avoid the corrosion in current
collector during the flow of the electrolytes. The picture of the big flow cell is depicted

in Figure 10.
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Figure 10: Picture of gold-coated titanium current collector.

N, Flow

Pump Posolyte

Negolyte <«

Figure 11: Big flow-cell setup used during cell cycling.

32



Chapter 4

Results and Discussion

In order to know the solubility limit of the redox species, redox properties of the
electrolyte, Ultraviolet-visible spectroscopy, cyclic voltammetry (CV), rotating disk

electrode (RDE) were first performed.

4.1 UV-Vis and solubility measurements

UV-Vis measurements were performed in order to determine the solubility limit of the
redox species used as posolyte and negolyte at various pH conditions (1 M KOH, pH
14 and 0.5 M sodium carbonate buffer, fixed at pH 10). The absorption spectrum at

various concentrations obtained for alloxazine ester at pH 10 and 14 are mentioned

on Table 6.
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Figure 12: (a) UV-vis spectra of alloxazine ester in 1M KOH at different

concentrations. (b) Standard calibration curve of alloxazine ester at the maximum
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absorption peak of 434 nm. (c) UV-vis spectra of alloxazine ester in pH 10 carbonate
buffer at different concentrations (d) Standard calibration curve of alloxazine ester

absorbance at the maximum absorption peak of 440 nm.

In 1 M KOH, the absorption peaks observed at 338 and 435 nm (Figure 12a) can be
assigned to T — TT* transitions.*! Whereas in pH 10 carbonate buffer, absorption peak
were observed at 330 and 440 nm and can be also assigned to ™ — TT* transitions
(Figure 12c).

The same experiments were performed for manganate and permanganate
solution in 1 M KOH (Figure 13). For KMnOg, the absorption peaks were observed at
545, 525, and 348 nm (Figure 13c), attributed to ligand to metal charge transfer
(LMCT) transitons.“° In the case of K2MnOa4, absorption peaks were found at 603, 437

and 351 nm (Figure 13a), and transition types are the same as KMnOa.
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Figure 13: (a) UV-vis spectra of KoMnOg4 in 1M KOH at different concentrations, (b)
Standard calibration curve of KzMnO4 absorbance at 603 nm, (c) UV-vis spectra of
KMnO; at different concentrations,(d) Standard calibration curve of alloxazine ester

absorbance at 545 nm.
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Another important parameter is the solubility of the active species dissolved in
the supporting electrolyte, since it correlates to the energy density of the redox flow
battery. In the case of alloxazine ester, the solubility limit is higher in KOH medium
(0.38 M) than 0.5 M sodium carbonate buffer (0.62mM) pH10, as mentioned in Table.
6. We believe that the carbonate buffer (CO3™ ion) does not create a suitable solvation
shell to dissolve the alloxazine ester, properly.*® K2MnO4 and KMnO4 are relatively
soluble in 1 M KOH, reaching solubility limits of 0.38 and 0.24 M, respectively.

Table 6: Solubility limit of posolyte and negolyte.

Electrolytes Solubility Standard Molar Coefficient
limit deviations extinction (Micm1)
Alloxazine ester in 1M
0.38 M 0.075498 6479 at 434nm
KOH
Alloxazine ester in pH
0.63 mM 0.016113 3107 at 440nm
10 buffer
KMnOg4 in 1M KOH 0.25M 0.03395 2121 at 545nm
K2MnOgs in 1M KOH 0.38 M 0.020664 1355 at 603nm
Ferrocyanide in 1M
0.40 M 30 - -
KOH

4.2 Electrochemical analysis: Cyclic Voltammetry Studies (CV)
4.2.1 Alloxazine ester redox reaction

Cyclic voltammetry of 1 mM alloxazine ester in 1 M KOH at different scan rate is
presented on Figure 13. The oxidation and reduction peaks are attributed to a two-
electron and two proton transfer (Proton coupled electron transfer (PCET)) mechanism
as shown on the mechanism (eq.7). Oxidation and reduction peaks were observed at
-0.5V and -0.8 V vs. SHE at 5mV s, respectively. The standard potential of alloxazine
ester is -0.63 V vs. SHE. The peak potential difference was around 300 mV at 5mV
st as shown in Figure 14c, and the maximum anodic and cathodic peak current
densities were respectively 0.023 and -0.07 mA cm. The larger separation between

oxidation and reduction peaks can be explained by slow electron transfer kinetic. From
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the Randles-Sevcik analysis (eq.9), the diffusion coefficient was measured to be
5.76*107 cm? st as shown in Figure 14b, which is one order of magnitude lower than
the diffusion coefficient of alloxazine carboxylic acid (ACA) found to be 5.9*10°cm? s
1,41 From the Figure 14b, the peak current vs. square root of scan rate showing the
straight line and it's not passing through the 0O it means we have probably an effect of
absorption of the redox species at the electrode surface. However, the diffusion
coefficient is not reliable from the Levich equation so further investigations were done
using rotating-disk electrode (RDE) experiments to calculate the diffusion coefficient

because in RDE the steady state current is limited by the flow of the solution.
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Figure 14: (a) Cyclic voltammogram of 1mM alloxazine ester in 1M KOH at different
scan rate, (b) Plot of peak current vs. square root of scan rate, (c) Plot of anodic and

cathodic peak potential vs. scan rate.

In order to increase concentration of redox species in solution and study any possible
influence onto electron transfer kinetic, electrochemical characterizations were
performed at 10mM (Figure 15). The standard potential was found to be -0.63 V vs.
SHE, in agreement with what was described by Aziz group for ACA (-0.62 V vs. SHE).

29 The peak potential difference of 10 mM alloxazine ester in 1 M KOH was 160 mV at
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5mV s, which is less than the 1mM alloxazine ester in 1M KOH as shown in Figure
15c, and the maximum anodic and cathodic peak current densities were respectively
0.31 and -0.81 mA cm2.When we increased the concentration of alloxazine ester
(ImM to 10mM), we obsessed the pre-peak absorption at -0.9V vs. SHE. The diffusion

coefficient at 10 mM was equaled to D = 2.79*107 cm? st as shown in Figure 15b.
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Figure 15: (a) Cyclic voltammogram of 10mM alloxazine ester in 1M KOH at different
scan rates, (b) Plot of peak current vs. square root of scan rate, (c) Plot of anodic and

cathodic peak potential vs. scan rate.

4.2.2 KMnOg4redox reaction
Cyclic voltammetry of KMnO4 (10mM) in 1 M KOH is shown in Figure 16. The oxidation

and reduction peaks are attributed to a one electron transfer mechanism as shown on
the redox mechanism in eq.8. As shown on Figure 16a, oxidation and reduction peaks
were observed at 0.64 and 0.55 V vs. SHE at 5mV s, respectively. The standard
potential is about 0.558 V vs. SHE, as reported in the literature.®* The peak potential
difference between the oxidation and the reduction peaks was only 80 mV at5 mV s
1 as shown in Figure 16¢. Maximum anodic and cathodic peak current densities were

respectively 0.38 and -0.65 mA cm2. From the Randles-Sevcik analysis, the diffusion
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coefficient was measured to be 3.35*10° cm? s, (Figure 16b) as similar to the

reported values in literature.*?
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Figure 16: (a) Cyclic voltammogram of 10mM KMnO4 in 1M KOH at different scan
rate, (b) Plot of peak current vs. square root of scan rate, (c) Plot of anodic and

cathodic peak potential vs. scan rate.

4.2.3 Ferricyanide redox reaction

Cyclic voltammetry of ferricyanide (10 mM) in 1M KOH was performed as shown on
(Figure 17). The oxidation and reduction peaks are attributed to a one electron transfer
mechanism as shown in eq.9. From Figure 17a, the oxidation peak was observed at
0.56V and reduction peak was observed at 0.4 V vs. SHE at 5mV s. The standard
potential is 0.47 V vs. SHE. The peak potential difference is about 140 mV at 5mV s
as shown in Figure.17c and the maximum anodic and cathodic peak current densities
were respectively 0.22 and -0.46 mA cm? at 5mV/s. From the Randles-Sevcik
analysis, the diffusion coefficient was measured to be 7.84*10 cm? s, (Figure 17b)

as reported in literature.r However, we were observed that as compared to
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manganate, the ferricyanide showed a lower diffusion constant and an higher peak
potential difference as well as slightly lower redox potential .

@ . b
15 ( ) 0.00010 |
L - +4n5 2
~ 10 0.00005 | D=6.7010° cm’ls
£ R’ =0.9905
2 o05}F <
Gé: =
< oo} £ 0.00000 | ®  Anodic Peak
2 £ e Cathodic Peak
0 3
s 05} o
° £ .0.00005 |-
T 0l o D=7.84*10° cm’ls
£ S0mV/s R® = 0.9943
O 5tk = 75mV/s -0.00010 |
= 100mV/s
20k —— 200mV/s
L L L L L 1 1 _0.00015 1 Il L 1 Il 1 'l 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.05 010 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Potential (V vs SHE) (Scan rate)"* (V'"s™?)
(C) 0.7 : ; . . r ; 0.36
-40.33
0.6
- 0.30
= 05
E' 4027 _
£ 2
§ 04 o024 w
o 8
o ]
E 0.3 40210
-=— Anodic peak potential 0.18
02} —=— Cathodic peak potential

-=—Peak potential difference |

o
-
o

0.1
0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21
Scan rate (V/s)

Figure 17: (a) Cyclic voltammogram of 10 mM ferricyanide in 1M KOH at different
scan rate, (b) Plot of peak current vs. square root of scan rate, (c) Plot of anodic and

cathodic peak potential vs. scan rate.

4.3 Electrochemical analysis: Rotating disk electrode (RDE)
4.3.1 Alloxazine ester redox reaction

In order to know the standard electrochemical rate constants of each redox species,
rotating disk electrode experiments were carried out and analyzed using the Koutecky-
Levich equation. Liner sweep voltammogram of alloxazine ester was recorded at
100mV s at different rotation rates between 100 to 1000 rpm on platinum working
electrode (Figure 18a). The current plateau of electrochemical was observed at -0.85
V vs. SHE, but is not well defined due to the possible absorption of redox species
(alloxazine ester) on electrode surface during the experiments. By increasing the

rotation rate of the electrode, we observed that current was increasing because current
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is related to the rate of mass transport. Therefore, when we have increased the
rotation rate, the current was increasing.

The diffusion constant of alloxazine ester was calculated by plotting the limiting
current as a function of square root of the rotation rate between -0.6 to -0.9 V vs. SHE.
It exhibited a straight line, as described by the Levich equation and gave a diffusion
coefficient of 1.32*10° cm?s™! (Figure 18b), indicating the fast diffusion of alloxazine
molecule. Whereas, the rate constant estimated from Koutecky-Levich analysis for
alloxazine ester was found to be 4.79*10% cm s?. The rate constant of alloxazine
ester suggests a faster-redox reaction kinetic as compared to the one obtained for
ACA (1.2*10° cm.s™?), in the same conditions. From Figure 18c, the plot of In(ik) vs
overpotential, we were select some region in the tangent using different overpotential
and plotted the Koutecky-Levich plot is linearly with the square root of the scan rate

as shown in Figure 18d.
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Figure 18: Rotating-disk experiments performed for 10 mM alloxazine ester in 1M
KOH solution. (a) LSVs as function of rotation rate (b) Levich plot obtained from figure
a, (c) plot of the logarithm of the kinetically limited current against overpotential, (d)

Koutecky-Levich plot as a function of overpotential.
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4.3.2 KMnO4 redox reaction

Liner sweep voltammogram of KMnOa were recorded at 100mV s and various
rotation speeds. From Figure 19a, the plateaus of electrochemical reduction of
permanganate at 0.4V and oxidation of manganate at 0.75V are well defined due to
the diffusion-controlled reactions as suggested by the theory of Levich, with the
appearance of a sigmoidal shaped-LSV in theses experimental conditions.

The diffusion coefficient of KMnOawas calculated by plotting the limiting current
as a function of square root of the rotation rate. It exhibited straight line following by
the Levich equation 1.69*10-° cm? s1, indicating the fast diffusion of KMnOas. Whereas,
the rate constant estimated from Koutecky-Levich analysis for KMnOa4was found to be
7.47*10* cm s1, suggesting a fast-redox reaction. There is no report in the literature
regarding the diffusion coefficient of KMnO4 in 1M KOH.
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Figure 19: Rotating-disk experiments performed for 10 mM in 1M KOH solution. (a)
LSVs as function of rotation rate. (b) Levich plot obtained from figure a, (c) plot of the
logarithm of the kinetically limited current against overpotential, (d) Koutecky-Levich

plot as a function of overpotential.
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4.3.3 Ferrocyanide redox reaction

Liner sweep voltammogram of ferrocyanide were recorded at 100mV s at different
rotation speeds. From Figure 20a, the plateau current of electrochemical oxidation of
ferrocyanide was observed at 0.7 V vs. SHE and well defined due to the diffusion-
controlled reactions.

The diffusion constant of ferrocyanide was calculated by plotting the limiting
current as a function of square root of the rotation rate. It exhibited straight line
following by the Levich equation 1.89*10° cm? s, indicating the fast diffusion of
ferrocyanide. Whereas, the rate constant estimated from Koutecky-Levich analysis for
ferrocyanide were 3.30*10! cm s respectively further suggesting a fast-redox
reaction. The value obtained was similar with literature for ferrocyanide in 1M KOH is
1.68*10cm s1.4% In compare to permanganate the ferrocyanide showing a fast redox

reaction due to higher rate constant.
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Figure 20: Rotating-disk experiments performed for 10mM ferrocyanide in 1M KOH

solution. (a) LSVs as function of rotation rate (b) Levich plot obtained from figure a,
(c) plot of the logarithm of the kinetically limited current against overpotential, (d)

Koutecky-Levich plot as a function of overpotential.
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We performed the electrochemical characterization like cyclic voltammetry and
rotating disk electrode to know the diffusion coefficient and rate constant of electrolyte
such as alloxazine ester, ferrocyanide, KMnOa. The diffusion constant is showing the
fast electron transfer kinetics for the alloxazine ester, ferricyanide, KMnO4 and rate
constant is showing the faster diffusion of the redox species. For the alloxazine ester
is showing the higher rate constant compare to reported alloxazine carboxylic acid by
Aziz group. To know the charge/discharge rate and capacity of flow battery we
performed the flow cell experiments in higher and low concentration as discussed

below.
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4.4 Flow cell cycling

Flow cell experiments were performed at different concentrations using alloxazine
ester at the negative side and two posolyte ferrocyanide/ferricyanide and
KMnO4/K2MnOa at the positive side.

4.4.1 10mM alloxazine ester vs. 50mM ferrocyanide/ferricyanide
alkaline RFB

The battery was assembled using 10mM alloxazine ester at the negative side and
50mM ferrocyanide + 50mM ferricyanide at the positive side. Flow cell cycling results
are depicted in Figure 21 using the two electrode setup. The battery was charged up
to 1.4 V at 100% state-of-charge (SOC) and discharged until 0.9 V. The open-circuit
voltage of 1.4V is higher than the aqueous RFB (acidic conditions) because in alkaline
we increase the overpotential of OER and HER. In comparison, the theoretical cell

voltage of the vanadium redox flow battery is lower and equal to 1.26 V.
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Figure 21: Flow cell cycling: (a)10 cycle of continuous charge and discharge using 10

mL of 10 mM alloxazine ester in 1M KOH as negolyte and 50mM ferrocyanide + 50mM
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ferricyanide in 1M KOH as posolyte. 5mA current was applied for charging and
discharging of the battery (b) Cell voltage(V) vs. capacity (mAh). (c) Efficiency (%) vs.

cycle number. Electrolyte flow rate was 21 ml min-1,

From Figure 21a, we observe that charge and discharging time are similar over a long
period of 16 h. The apparent charging time (total theoretical charge divide by current)
of 1.034 h is very close to the theoretical charging time of 1.07 h. However, we did not
reach the full volumetric theoretical capacity of the battery (535 mAh L), as mentioned
in Figure 20b. We achieved only the 450 mAh L* because of the mass transport
limitations and side reactions (OER). After increasing the number of cycle, there is a
significant capacity loss because of probable electrolyte degradation (OER) or self-
discharge. From Figure 20c, the energy and voltage efficiencies are reasonable (82%
and 90%) for such a small concentration of electrolyte. In the high concentration of

electrolytes, Aziz group showed an coulombic efficiency of 99.7 %.%°

4.4.2 10mM Alloxazine ester vs. 50mM KMnO4/K-MnO4 alkaline RFB

The battery was assembled using 10mM alloxazine ester and 50mM KMnO4 + 50mM
K2MnO4 at the negative and positive sides, respectively. From Figure 22a, we
observed that the battery is charged at 1.4 V and discharged at 1 V. Here, we
discharged the battery up to 1 V because the standard potential of KMnOa4 is around
50 mV higher than ferrocyanide redox couple. We observed that no significant time
loss was demonstrated over a long experiment time since the apparent charging time
(2.1 h) is equal to the theoretical one. However, we did not reach the full volumetric
theoretical capacity of the battery (535 mAh L*?), as mentioned in Figure 22b. We
achieved only the 450 mAh L1 volumetric capacity because of the mass transport
limitations and side reactions (OER). Oxidation potential of water in alkaline condition
is around 0.6 V vs. SHE. From Figure 22c, the coulombic efficiency is about 90%,
mainly due to electrolyte precipitation on the carbon felt and pipes. Average energy

and voltage efficiencies were found to be equal to 81% and 90%.
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Figure 22: Flow cell cycling: (a)10 cycles of continuous charge and discharge using
10 mL of 10 mM alloxazine ester in 1 M KOH as negolyte and 50 mM KMnQO4 + 50 mM
KoMnOs in 1 M KOH as posolyte. 5 mA current was applied for charging and
discharging of the battery (b) Cell voltage (V) vs. capacity (mAh). (c) Efficiency (%) vs

cycle number. Electrolyte flow rate was 21 mL min-L.

4.4.3 50mM Alloxazine ester vs. 50mM KMnO4/K-MnO4 alkaline RFB

The battery was assembled using 50 mM alloxazine ester and 50 mM KMnOa4 + 50
mM Kz2MnOas at the negative and positive sides, respectively. From Figure 23, we
observed that the battery is charged at 1.6 V and discharged at 0.8V. No significant
time loss was demonstrated over a long-time experiment since the apparent charging
time 1.2 h is equal to the theoretical one. However, we did not reach the full theoretical
capacity of the battery 2.68 Ah L1 because of the mass transport limitations and side
reactions and we achieved only 1.83 Ah L1 . Here the coulombic efficiency is about
97%, mainly due to platting electrolyte precipitation on the carbon felt and pipes, as
seen on Figure 24. MnO:2 plating was occurring on the positive side electrode after the
cell cycling, as observed by SEM. Average energy and voltage efficiencies of 79% and

77% per cycle were observed .
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Figure 23: Flow cell cycling: (a)10 cycle of continuous charge and discharge using
10mL of 50 mM alloxazine ester in 1 M KOH as negolyte and 50 mM KMnO4 + 50 mM
KoMnOs in 1M KOH as posolyte. 20 mA current was applied for charging and
discharging of the battery (b) Cell voltage (V) vs. capacity (mAh). (c) Efficiency (%) vs

cycle number. Electrolye flow rate was 21 mL min-1.

To see the battery performance in higher concentration, we were performed the flow
cell experiment using the different cationic exchange using Nafion117, Nafion 112,
CMVN, CMTN. These membranes are made of different polymers and different
thickness. For Nafion 117 membrane, It was prepared through incorporation of
perfluoro vinyl ether groups on a polytetrafluoroethylene (PTFE, or Teflon) polymer,
with edges of former terminating on sulfonate groups with the thickness of 183 um and
CMTN is cationic exchange membrane which is use for electrodialysis with the
thickness of 100 um. In addition, the mass transport limitations of electrolyte was
significantly higher from 50 to 100 mM of electrolyte, to prevent this issue we were

changed the battery cell configuration as shown in Figure100 to higher surface area
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of electrode (from 2 to 8cm?) and higher diameter of pipes using three electrode setup
to control the charging and discharging potential better on both side of the battery.

100pum 20pm

Figure 24: SEM images of the electrode after the cell cycling in different resolution,
(a,b) 50mM alloxazine ester in 1M KOH, (c,d) 50mM KMnO4 + 50mM K>MnOg4in 1M
KOH.

4.4.4 100mM Alloxazine ester vs. 100mM KMnQO4/K2MnQ4 alkaline
RFB

The battery was performed with Nafion 117 membrane using the 100mM alloxazine
ester and 100mM KMnO4 + 100mM K2MnOa4 at the negative and positive sides. We
observed that no capacity loss up to 30 cycles but the coulombic efficiency was low
and equal to 84 %. MnO:2 plating was occurring on the positive side electrode and as
well as in the pipes after the cell cycling, as confirmed on SEM image of the electrode
(Figure 25). Average voltage and energy efficiency are 97 and 81% respectively, are
good for the small concentration. However, the full volumetric theoretical capacity of
the battery is 5.3 Ah L'? and we achieved 4.8 Ah L due to the MnO2 plating on both

electrodes and membranes. Figure 25e shows the MnOz2 plating on the Nafion 117

48



membrne after the cell cycling and Figure 26 shows the MnOz2 plating on the electrode
surface after the cell cycling as confirmed by the SEM.
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Figure 25: Flow cell cycling: (a)30 cycle of continuous charge and discharge using
10mL of 100mM alloxazine ester in 1M KOH as negolyte and 30mL 100mM KMnO4 +
100mM K2MnOg4in 1M KOH as posolyte. 150mAcurrent was applied for charging and
discharging of the battery, b) Eco vs. time (c) Cell voltage(V) vs. capacity (mAh). (d)
Efficiency (%) vs cycle number, (e) Picture of the Nafion 117 membrene after the cell

cycling. Electrolyte flow was 25mL min-.
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Figure 26: SEM images of the electrode after the cell cycling in different resolution,
(a,b) 100mM alloxazine ester in 1M KOH, (c,d) 200mM KMnO4 + 50mM K2MnOain
1M KOH.

In the initial experiment, the battery was performed in small concentration using small
cell setup (Figure 9) to know the performances. At low concentration, manganate and
ferrocyanide demonstrate the same performance in the terms of energy and voltage
efficiencies. Operating the RFB at higher concentrations (100 mM alloxazine ester and
100 mM K2MnOg4 & 100 mM KMnOQOa4), we observed MnO: plating onto the electrodes
surface and membrane as well as in the pipes (Figure 26). Other cationic exchange
membranes such as Nafion 112, CMVN and CMTN, were tested at the same
concentration. Unfortunately, flow cell performances were not better than the one
reported above, and severe platting of manganate was observed, which was further
confirmed by SEM analysis. Therefore, ferro/ferricyanide redox couple was selected

as posolyte in higher concentration to avoid the precipitation.
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4.4.5 0.38M Alloxazine ester vs. 0.4M ferrocyanide/0.04ferricyanide
alkaline RFB

The battery was assembled in higher concentration using 0.38M alloxazine ester and
0.4M ferrocyanide + 0.04 mM ferricyanide in 1M KOH at the negative and positive
sides as shown in Figure 27. In this battery, 5mm gold coated titanium current collector
was used to present titanium corrosion in alkaline condition (formation of TiO2z). Flow
battery was charged and discharged at 150mA. However, the volumetric capacity of
the battery is 20.36 Ah Lt and we achieved the 17.41 Ah L.

-0.5 0.55
(a)
(b) osf
06|
045
0.7 F 0.40 |
5 -
e z 035
3 3
w 08} w
0.30 |-
09t o.zs-\ \ \ \ \
0.20 |-
1.0 L L 1 L 1 1 L L 1 L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (h) Time (h)
——Cycle 1 100 . [ ]
——Cycle 10 [ ] [ ] L] [ ] [ ] [ ] L] L L
(C)-o.s (d)go.gxgﬁlglll'
80
-0.7 70
Theoretical capacity é 60 |-
Sy (203 mAn) a
s 0.8 g% o
w S 40k = Coulombic efficiency
E o Voltage efficiency
30F 4  Energy efficiency
0.8 20
10 -
1.0 0 L L L L L 1 L L L 1

0 20 40 60 80 100 120 140 160 180 200 220 0 10 20 30 40 50 60 70 80 90 100
Capacity (mAh) Cycle number

Figure 27: Flow cell cycling: (2)100 cycle of continuous charge and discharge using

10ml of 0.38M alloxazine ester in 1M KOH as negolyte and 30ml 0.4M ferrocyanide +

0.04mM ferricyanide in 1M KOH as posolyte.150mA current was applied for charging

and discharging of the battery, b) Eco vs. time (c) Cell voltage(V) vs. capacity (mAh).

(d) Efficiency (%) vs cycle number. Electrolyte flow was 25mL min-L.
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We observed no capacity loss up to 100 cycles with 98.34 % of coulombic efficieny
per cycle. Average energy and voltage efficiencies were found to be equal to 91.41%
and 90.07% as shown in Figures 27d. From SEM images (Figure 27), no plating on

the electrode and membrane were observed.

Figure 28: SEM images of the electrode after the cell cycling in different resolution,
(a,b) 100mM alloxazine ester in 1M KOH, (c,d) 100mM KMnOs + 50mM K>MnOg in
1M KOH.
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Conclusion and Perspectives

This work presented the development of the alkaline redox flow battery based on
organic based-aqueous electrolytes. The solubility of the electrolytes was
characterized by UV-vis spectroscopy and the electrochemical properties of the
electrolytes was characterized by cyclic voltammetry (CV), rotating disk electrode
(RDE). We performed the battery using 100mM alloxazine ester and 100mM K2MnO4
& 100mM KMnOa4in 1M KOH and we observed that the electrolyte was precipitated
and MnO:2 was platted in the pipes as well as on the electrode surface, which was
further confirmed by SEM analysis. Then, we performed the flow cell experiments with
ferro/ferricyanide to prevent the precipitation issue. In higher concentration we
performed the battery using 0.38M alloxazine ester at negative side and 0.4M
ferrocyanide &0.04M ferricyanide to demonstrate a high-performance flow battery.
The coulombic efficiency exceeded 98.34 % over 100 stable charge/discharge cycles,
while voltage and energy efficiency are 91 and 90%. Alloxazine ester is a promising

material for the negative side of alkaline redox flow battery.

From further perspectives of this work, to prevent the issue of degradation of
alloxazine ester because alloxazine ester is hydrolyzed in the KOH medium to give
back the carboxylic acid group. This was observed and conformed by 2D NMR.
However, Alloxazine sulfonic acid will be investigated for the alkaline redox flow

battery due to slightly higher redox potential than the alloxazine ester.
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