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Abstract

Batteries asmergy storag@and conversiotechnologiesespeciallyredox flow batteries (RFBshave

gained momentum in electric gridBhe stateof-the-art RFB usewvanadiumbasedraw materials for

their electrolytes; hence, they are called vanadium redox Batteries VRFB. While VRFB
performance is well studied, their sluggish kinetics and precipitation issues still need to be addressed.

In chapter 4of this thesisa raw material for VRFBvanadium pentoxide XDs, is studied The studies

involve longterm solubility monitoring, electrochemical screening, and spectral st\ui®s.long-

term solubility increased by adding586 volumeof hydrochloric acid or methanesulfonic aclts
electrochemistry performance also improvédthreefold increasewas observedn the diffusion
coefficientof the ion VQ' (formed from dissolving YOs in acid and ofthe kinetic rate constartf

the electron transfer procesklectrochemistry and spectral data proved the mechanism of the
improvement.The additives provide extra protofe the dissolution of YOs. The-OH groups or
CHsSO:ani ons in methanesul fonic acid increase tF
surface. The Clanions in hydrochloric acid form coordinated complexes with the dissolved vanadium

ions, reducing the chance for clustering and precipitating.

In chapter Sof this thesisRFB performance is studiedhe V-Os-based solution with HCI additive is
chosen as the positivelectrolyte An organic quinonesolution, made from anthraquince6-
disulfonate sodiunfAQDS 2,6)dissolved in sulfuric acids chosen as the negatiegectrolyte To
facilitate the use of a hybrithorganici o r g avamadiumd| organiguinone cell, a silica gel
separator is employed he silica gel separator is madey dispersingsilica into an acidic solution

which isidentical to the solutiaused to dissolve d0s or AQDS2,6.The full cellhas a capacity cf

AhL, energy efficiency of 81.4%nd capacityetention of 97%after 500 cycles. Its voltage losses
were predicted from the previous electrochemistry screening studies and analyzed from the full cell

data. The reactions were confirmed using spectral data.

The results demonstrate the potential tfis systento be used in nexgeneration RFB$or energy

storage applications.
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Chapter 1. Introduction

1.1 Motivation

Renewable energy is becoming increasingly important as we strive to create sustainable

electrical grid Unlike fossil fuels, renewable energy sources such as solar, wind, and
hydropower are infinitely renewable and produoce carbon emissionduring their lifetime

Batteries play a crucial role in the energy transition towards renewable sdheyeare charged

when renewable sources generateche ner gy, e. g., during the sunbo
and discharged when energy is needed, e.g., during eveningopedéctricity consumption

hours Naturally, they also provide a source of backup power for electrical drigare 11

describes a simple energy availability versinse-of-day relationshipbetweenwind and solar

energy and how batteries can play a rolstoringsurplus energy from nepeak hours.

| @
> Wind e
=t Energy storage
)
0
' n+
> (E s
o =
c C § A™
w 7
Solar :
1 1 1 . )
T T T >
Early morning Noon Evening

Time of day

Figure 1.1. The need for energy storage technologies to complement renewable energy sources.

Becauseelectrochemical energy storage technologieattériesand fuel cells)are vital in

shifting towards a cleaner and more sustainable energy future, a more comprehensive range of
products musbe feasible for droaderange of energy storage applicatiofgjure1.2 describes

the four typical electrochemical energy storage prodyadsithium-ion battery,(b) lead acid
battery,(c) redox flow batterfRFB), and (d)fuel cell. Unlike many batteries (lead acid, nickel

metal hydride, lithiurdon), which storechemical energy in solid electrodes, redox flow batteries

use liquid electrolytemade from dissolvingolid active materialsnto acidic (m@e common) or

1



basic (less common) aqueous solutions. The acidic or basic solution used to dissolve the solid
active material is called the supporting electrafRe-Bs use Oel ectrodes6é m
6current collectorsdé and dbéelectrocatal ystsbé,
they serve as a surface for the charge transfer processes to take place ararRb#scaled up

to store more eneygwithout thechallengef densely coatedlectrodedike high resistance or
electrode delaminationThis makes them suitable for largecale energy storage systems. The
energy scaling up of redox flow batteries is particularly interesting, asdasign allowsa
flexibility for multiple modifications to be implemented at ond®FBs energy and power
requirements are decoupledpower output, which depends on the area of the electrodes, and the
energy storage capacity which depends on the volume of the electrolyte, can both be
independently controlledJnlike present lithium ion batteries, RFBs do not present a fire hazard
because of overheating and have a chdigeharge cycle life of more than 10,000 cycés
Another advantage of RFBs is the ability to be discharged to a fuitph, i.e., a wider

tolerable discharge voltage range, thilnum-ion batteriesvithout encountering any issugs.
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Figure 1.2. Different types of chemical energy stordagehnologies: (a) Lithiuaon batteries,
(b) Leadi acid batteries, (c) Redox flow batteries, and (d) Pre¢@ohange membrane fuel
cells.
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Regardingotherbattery parameterdike the speed of charge/discharge,slifan or costR F B s 6
decoupled design allows flexibility for multiple modifications to be implemented at ortée

The reaction sites, or energy conversion sites, of RFBs are carbon pieces that can be modified to
enhance the reaction rate, which leads to faster charging and discHavgirgus material
treatment or replacement strategies can improve the lifespan or cost of RRBof these
modificationscan be doa with or without the conjunction of othemodificationswithout any

compatibility worries.

The design of an RFB allows fanany modifications towards production cas¢creaseenergy
densityincrease and sustainabilityMultiple reports have shown that over thirty percent of the
cost ofan RFB systenwas attributed to electrolyte costs? In the 80s, Maria SkyllaKazacos,
Miron Rychick, and Robert Robins filed a patent in the USA for the invention of an RFB, as well
as the electrolyte preparation fortitin this patent, theyrepared electrolytes for VRFB by
dissolving VOSQ (V#") in sulfuric acid® In the 90si early 2000s,SkyllasKazacos and
partners found other methods to VRFB electrolyte preparation: reductiofOef(V°*) by V203
(V3 in boiling HLSQ: to form a solution with ¥*, then electrolysis to get a half of the obtained
solution in \#* state (the other half remaing*y.}4*To this date, VRFB electrolyte preparation
is still using \LOs as a starting materiablthough VOS® is also widely used as a starting
material for labscale VRFB"1®V,0s is a good starting material for electrolyte preparation
becausda) V.Os, being the primary vanadistmased compound mass produced from mostly the
steel smelting process, is cheaper than other vanatiased compounds like VOSQr
VCIst"*8 and(b) for each mol of ¥Os dissolves, two mols of the corresponding vanadium ion,
dioxovanadyl V@', is obtainedHowever, its solution still need to undergo electrolysis because
a V.0s-based solution with initial concentration 0.75 M (calculated bysvVmols) would
precipitate in about a weék?® The traditional VRFB has a peak performance of35 Wh/L
(thermodynamic ideal is45 Wh/L?Y) and80 i 100 mW/cn? at the total cost ofibout 100
$/kWh.2 The U.S. Department of Energy's recommended target ersgregific costis $150
kWh'! for anenergy storage systesesigned for dour-hour dischargecycle® Thereis aneed

for modifications in the VRFB system to decrease its electrolyte and separatoif cgitshing

to V205 as a direct starting material (without electrolysis or chemical pretreatcentieduce
the cost andhe pre-treatment timethen the switch is worth considering. Additionailythere

are different materials that can provide higher capacity, it is veogtloring them too
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Watersoluble organianaterialshaveshown great potential isearching for morenergydense
electrolyte materials in redox flow batteries whid¢aining the safety an aqueous battery system
has Theoretically, a lotof organicmolecules can carry more charger gramthan a heavy
vanadium compoun® Experimentally, RFBs with wateoluble organic electrolytes have
reachedover 100Wh/L, while most VRFB values are 86 Wh/L.??2* Quinones are a group of
chemicals that have beesal asmaterials for redox flow batteries because of their pteased
production routehigh theoretical capacityandrapid reaction rate®2° As the quest fobetter

raw materialfor RFBsadvancs, it is important to develop systematic screening approaches for

organic candidate® explore highecapacity battery systems

The current generation of RFBs asosuffeling from therisk of electrolyte crossover, energy

losses from membrane resistanimsy power density and pumping loss$é$’28In the current

VRFB, Nafion is used as the separatorthe nanoscopic structure of Nafighe vanadium ions

on two different sides (positive and negative) could re@astjlting in a net imbalance of ions in

the electrolyte$? The imbalance of vanadium ions adversely affects battery performance
because the imbalance could result in the precipitation of vanadionpoundn the catholyte

side when their solubility limit is exceed&®F°The need to replace the Nafion membrane with
better separators is important, because it could decrease the overall price and increase the overall
performance metrics (higher energy efficiency, simpler maintenance, and longer lifespan) of
RFBs

1.2 Research objectives

This research aim® develop redox flow batteries thiaas highenergy density, efficiencynd

lab conditions lifesparwhile utilizing more coseffective materialsand proceduresThe
evaluationvaluesof battery energy density, efficiency, and lab condition lifespan are taken from
literature at least 100 mAh/Lin steady (nofpump) cells 97 % efficiency,less than 0.1%
capacity decay through 100 cyche8 The most coseffective procedures are usually the least
complex; this researciimsto choose reagents that can be employed in battery systems with the
leastamount of preprocessingTo achieve the above targets, this thesis focuses on the following

objectives.



1 Evaluatingthe acid solutions ofvanadiumpentoxideV.0s as the positive electrolyte
(catholyte)for RFBs; using it directly without chemical or electrochemical processing.
Evaluatingthe suitability of acid solutions of quinones for their direct use in RFBs
Increasing the lalscale lifespan of albrganic or hybrid RFBwith a novel separator that
requires less prprocessing, is more cesffective, and allows less active material

crossover or selflischarge.

1.3 Thesis organization

This thesis is organized intex&nchapters.

1 Chapter 1 outlines the research motivation bgvering the rolesf batteries, especially
RFBs, inthe energy storage landscaféis chapter also states the challenges of the
current RFBs angroposed sustainable mitigation strategies. The research objectives and
thesis organization of this thesis aroduced in this chapter.

1 Chapter 2 provides a rigorouditerature review including current perspectives on
electrochemical energy conversion, then narrowing dowedox flow batteries(RFB)
and morespecificallyto electrolytesand separators in REBhis chapter also presents an
overview of thechallenges of current RFB active materiad®parators,and some
proposed mitigation strategies

1 Chapter 3 outlines how the electrolyte solutions were prepared and characterized, as well
as the equipment, methgdsnd preparation involved for data collection and
interpretation of all samples

1 Chapter 4 provides electrolyteevaluation studies of XDs-based electrolytes. The
chapterdetails processesand the Results and Discussioof the solution preparation,
initial electrochemistry screeninj,y pot hesi s of the el ectrol vyt
mechanismand the spectroscopy data to verify the hypothesis. This chapter sets out the
precedence for electrolyte evaluatimethods for the following chapteFhe content in
this chapter is reproduced from the published work Nguyen, O. H., lyapazham Vaigunda
Suba, P., Shoaib, M., & Thangadurai, V. (2023). Investigating the eldoitcs and
long-term solubility of vanadium electrolyte in the presence of inorganic additives.
Journal of The Electrochemical Society, 170(11), 110523. do0i:10.1149/1945
7111/ad0a75.



1 Chapter 5 provides electrolyte evaluation studies aqdinonebased electrolytesand
battery results of ¥Os || quinone systemdghe chapter details processes as well as the
Results and Discussiarf the solution preparation, initial electrochemistry screemwing
guinones spectroscopy dataf quinones at different oxidation statesovel separator
preparation anccharacterization, andhe V>Os || quinone battery data built on the
understanding aboveélhe content of this chapter is to be submitted for a scientific
journal.

1 Chapter 6 providesa conclusion anduture perspectives of this thesis.



Chapter 2. Background

2.1 Working principles of a redox flow battery

2.1.1 Overview

The increasing demand to decarbonize the power grid drives the development-aafstow
sustainable, and stable energy storage media. Stationary electrical energy storage technologies
will benefit our electric grids in many aspects such as energy saving, improved reliability, easier
conversion to smart grids, and lower greenhouse gas emissions. Redox flow batteries (RFBS)
have always been a strong candidate for stationary electrical energy storage owing to their easy
scalability, the long cycle life of over 15 years (15k200k cycles) and versatilif?? Unlike
lithium-ion batteries, RFBs electrolyteelectrode interphase does not suffer from decomposition
reactions, theoretically and in a lot of cases, experimenit#ily.the electroactive material(s) in

the electrolyte has high electrochemical reversibility, or the amount of oxidized material in the
electrolyte can be fully reduced and vice versa, then the reactiotie efectrodes should be
Areversibled too. This means the batteéeory can
the scalability of RFBs, different modifications can be done in conjunction with another (or not):
increase tank size for a higheamberof electroactive materials stored in its solution form,
increase electrode size forore electroactive material® react at one time during operation, or

stacking multiple electrode pairs in series.

Redox flow batteries (RFBs) store energy in the form of liggtlitionsi solid electroactive
materialsdissolved in a solvent system (usually aqueous acidic solutibhey are separated in

two separate tanks one positive, one negatifeEach solution from each tank mumped

through a cell stack, where the posits@eciesn its solution, catholyte, reacts on the positive
electrode surface, and vice versa for the negafreeiesn its solution (anolytepn the negative

electrode surfack The electrodesare usually chemically inert carbon pie€e3he two

electrolyte solutions are ket separated tanks to avoid sdifcharge; at the cell stack, they are
separated through an ion exchange sepafafon i on exchange membr aneos
the ionic charges between the catholyte and anolyte at the cell stack; such imbalance is caused by
the charge transfer processes that most likely generate/consume chpegeskin either

solution. Because electroactive materials cannot cross through the mentbeasapporting
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electrolyte(the solvent that dilutes the active matejialsntains ion(s) that can pass through the
separator to balance chajelhe ion exchange membrane commercially is Nafion®, but there
are a lot of different types of membranes on the horitwywill be introduced in sectick 3.3

As mentioned in chapter 1h¢ modular design of RFBs allowd#ferent strategies to increase
energy and power density, and many components of this battery, such as the electrolyte or ion
exchange membrane, can be modified to better utilize the chemical energy stored in the redox

species®

|
Catholyte

Cm+/(m-1)+

Figure 2.1. Schematic diagram oftgipical redox flow battery during discharge.

Figure 2.1shows a schematic diagram of a typical redox flow battery. The anolyte tank has
specieA™, that when pumpethroughthe cell stack, converts td"AY* during discharge on the
negative electrode (anode)™As AM* + 1e. Similarly, the catholyte tank hapeciesC™,

that when pumped through the cell stack, convert€®)* during discharge on the positive
electrode (cathodeL™ + 1e A C™V* The reverse reactions happen during chargifgYA+

le A A™ andC™bD* A C™ + 1e. The overall cell voltage is determined by:

o © (o o o ANOAGET 1
At fully discharged statethere is a difference ¢h + 1)1 (m7i 1)" = (ni m + 2" ionic charges
between thanolyteand catholyte. At fully charged state, there is a differencéndf m)* ionic
charges between the anolyte and catholyite. 2+ ionic charge difference between the states of

battery operatiomvould need balancing by ions from the supporting electrolyte moving from the

8



catholyte through the separator to the anollyigure2.2 shows a few redox chemistries and the

type of ions used to balance the charge.

While RFBs has a lot of inter@sg) characteristicshe concept of storing electroactive materials
in liquid form has been around for a few decadesl973, a research center for rechargeable
redox flow cells, the Lewis Research Center in Cleveland, Ohio, was founded Nwattbeal
Aeronautics and Space Administratif®riThey partnered with many industrial entities, such as
ExxonMobil (USA), Giner Labs (USA), and Gel Infor the development of various redox
couples and flow cell desigi%3’ The first few redox couples studied wereiF€r (F€*/Fe*
catholyte and Gt/Cr?* anolyte)®"4° Fei Ti (F€*/F€&* catholyte andTiO?*/Ti®* anolytg,3"38
Zn-hybrid systems (Z%i/Zn anolyte with Zn plating/stripping), neffow, and liquid catholytes
like C&"/Ce* or liquid/gaseous catholytes like A&, Bro/Br).32353741while the Fei Cr
system was promising in the 88gthe separator technology then was astdeveloped as it is
now, and it was a big challenge to find a separator that could effectively prevent crossover in the
Fei Cr systenf?

- U4 . - L - L -

Figure 2.2. Typical RFB chemistries: active material pairs, theoretical cell voltage, number of
electrons transfer, and the ions crossing through the separator.

Figure reproducedrom Weber, A. Z.; Mench, M. M.; Meyers, J. P.; Ross, P. N.; Gostick, J. T.;

Liu, Q. Redox Flow Batteries: A Review. Appl. Electrochen2011, 41 (10), 11371164.
https://doi.org/10.1007/s108@111-03482. CC BY License

In 1988, Maria Skyllagazacos, Miron Rychick, and Robert Robins filed a patent for the all
vanadium redox flow batteries (VRFB) with®W#** catholyte, V'/V?* anol yt e, and
ionically c o n d® Many megawaseape gorojectso af /RFB have been
demonstrated across the wotfdl n 202 2, the worl ddéds | argest R

connected to a municipal grid in Shahekou District, Dalian City, China; the anticipated total


https://www.springernature.com/gp/open-research/about/the-fundamentals-of-open-access-and-open-research

capacity is 800 megawatt hours (the current phase have reached 400 megawatt hours) with power

delivery capability of 100 megawatts Some merits of a VRFB include high theoretical cell

potential O | p& @) in comparison to other redox coupl&3 ¢ i PP v,
or0 7 & T ), >*?*lack of hydrogen evolution, easy regeneration, and high energy
efficiency*?

Table2.1 showssome chemical reactions from the mentioned cell systems and their theoretical
voltage. To increase the voltage fromil2 V to 107 20 V or more, multiple cells can be
connected to form a stack. To increase the energy a cell can detivecrease the amount of
chargecarrying materiala larger volume ofolutions that contaielectroactive materiéd) can

be used. To increase the power a cell can deligerincrease the current caused by
electrochemical reactiong,bigger area of electrode can be used.

Table2.1. Chemical reactions at each electrode during discharge and overall cell posenttial
some common RFBs. Data taken friff

Cathode Anode Overall
All-Vanadium |VO>t + 2H" + e Y |V¥ ¥ V¥ + g |H' moves from
VO?2 + H,0 cathode to anode
(E°=1.00V vs SHE) | (E°=-0.26 VV vs SHE) | E%e = 1.007 (i 0.25) =
1.26V
Iron/Chromium | Fé*+e Y F&* Cr** + CI + 5O Y | CIF moves from anod

[Cr(H20)sCl* + & to cathode.
(E°= 077V vs SHE) | (E°=-041V vs SHE) | E%q=0.77i (i0.41) =

1.18V
Bromine/Sulfur | Brs' + Na" + 2d Y |S%Y + 2d Y 27 |Na* moves from
Na' + 3Br cathodeo anode
(E°=1.07 Vvs SHE) | (E°=-0.43V vs SHE) | E%eu=1.077 (i 0.43) =
150V
Cerium/Zinc Cé*+eVY Cée Zn Y% e H* moves from

cathode to anode.

(E°=1.61Vvs SHE) | (E°=-0.99V vs SHE) | E%ei=1.617 (10.99) =
2.60 V

10



2.1.2 Charge-transfer processesresistanceoverpotentials, and kinetic parameters

In an RFB, the electrodes amhemicallyinert; so, the electrochemical reactions happerihe

electrode | electrolyte surfackie to the active materials in the electrolyi&e most used

electrode materials for RFBseporouscarbonbasedmaterials*’*8This is because of thejgood

electronic conductivityacceptablanechanical, chemical, and electrochemisiability at high

acidic, high voltage conditiondhigh surface area, corrosion resistivity, low possibility to
facilitate parasitic water splitting reactions, and acceptable €o86igure2.3 shows the muli

plane structure of carbon feICF) & graphite felt(GF) materials, the common type of carbon

materials used in RFBS.Such structure, having carbon atoms &t ggbridization (3 valence

el ectrons forming bonds with nearby carbon ¢
remaining one electron to be O0delocalizedo6 be
electricity®>>! Carbon felt (CF) and graphite felt (GF) are both made from the same predursors
polyacrylonitrile orrayoni and has similar graphite structuréddanufacturers discern them by

their processing (CF was produced with a lower temperaf08 il 1600 °C, while GF was

produced at temperature above 2000, carbon content (CF has 90% carbon weight, while GF

has 99%)andash content (CB0.75 % while GFO0.05 %)>¥57

» Defective carbon

Figure 2.3. Crystal units of carbofelt & graphitemateriak, showing their different carbon
environments: graphitic carbon, edge carbon, and defective carbon.
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Reproduced with permission frddpringer NatureZhang, H.; Chen, N.; Sun, C.; Luo, X.
Investigations on Physicochemical Properties and Electrochemical Performance of Graphite
Felt and Carbon Felt for Iror€Chromium Redox Flow Battery. Int. J. Energy RE€2Q 44 (5),

3839 3853.https://doi.org/10.1002/er.5179. License number 566605002 740@ew all

copyright licenses, sefppendix: copyright licenses

Although carbormaterials have a lot of benefits, there are some challenges. Studies have shown
that these materials have low electrochemical actiwityerently in comparison to metal oxides

or well-known electrocatalysts like Pt, Pd,>® Another challengef carbon materialgs their
hydrophobicityin comparison to precious metal electraefe€onsidering most RFBs use water

as their solvent, this prompts a big challenge in wetting the electrode with electrolytes to provide
enoughsurface area for electron transfer process to take.pl&te would not onlyadversely

affect thereaction rate, but also increase the amount of extra energy needed to push the reaction

forwards, leading to all sorts of complicatioi$8

Therefore, multiple surface modification techniques have been appl@d and GF electrodes

for RFBs to increase their wettability on aqueous electrolyt€sey range from thermal
treatment, chemical treatment, electrochemical treatment, to a mixture of two or more
techniques® The goal of these treatments is to decorate the carbon surface with functional
groups, commonly hydroxyl and carboxyl groups, to increase its hydrophdiityelectroaove

sites® Thermal treatmentor heating at temperatures above 200 in air atmospherejs
probably the oldest carbon fddecor’zhdangegal t echi
claimed that thermal treatment increases rinmber ofdefect carbon and edge carbon sites,
increasing the number of electroactive sites on its surfaBanet al in their twepart study,
compiled literatureon various heating studies of carbon materials and founchéaing GF &

CF at temperatur2001 600 °C in air increaseshe surface abundance off @i H, COOH,and

C = O groups® They heated their GF in air @rious temperatures between 20800 °C for 30

h and observedhe VO,*/VO?* reactionperformance with the obtained GF electrodes; the best
performing sampléenergy efficiency increased from 78% to over 88%, cell resistance decreased
from 2.8 ?twas hRatedl at 40ICcTimey studied the 40 sample surface and found
alotof Ci O1 Hand C = O groups; they proposed a chemisorption mechanism for vanadium
ions to bind to @ O H groups. Thidacilitates the charge transfer processes on the electrode

surfaceand increases the VRFB efficiencys avell asdecreases its resistarm®eChemical &

12



electrochemicatreatmentusing inorganic acids, most commonly3@Q, arealso method to
introduce functional oxygen groups to the surface of GF &iCthesecond part of their studies,
Sunet alcompiled literature of different acids used to decorate oxygkted groups on GF;
they foundconcentrated sulfuric acid, a mixture of sulfuric acid with nitric acid, hydrochloric
acid, or hypochlorite acid can increase the oxygen contents on the surface of gprtmdwo to

four times as many surface oxygen atom concentration than pf&tthEred Ansoncompared

experimental data arslimmarizedhatthe adsorption strength of mentioned anions follows this

trend: NQ & ClOs < CI < SQ?.%2 This is becausonovalent anion (GICIO4, NOs) tend to

have lower adsorptiostrengthon a positively charged electrode than bivalent anion{@nd
Chrcan donate partially its electron to the
electrode while CIQy, NOs™ adsorption strength is extremely low if the counter cation is also
monovalenf? However, later data have different conclusions. The adsorption strength on
polycrystalline Pt electrode follows the trend @lI@ SQ? < CI.%® The saturated adsorption
concentration of anions on carbon aerogel electrodes shafv I8®ing a lower concentration
than Cli, but kinetically, its desorption takes longame.®* Experimentally,Sunet alfound the
treatment method of boiling GF itoncentratedulfuric acid solution (without any other acid
mixed in) for 5 hours was the best methg@,*/VO?*, H' || VB*/V?*, H' ¢ e |ehetny efficiency
increased fromess than 70%o0 91%, cell resistance decreased fré®9t o 2 . 5°The. ¢ m
reasoning was also due to an increase in surface functional erglgéed groupsike C-O,

C=0.

On the other hand, chemical and electrochemical treatmetitods that use more than simple
acidscan introduce other elements on the surface of GF & CF like N ¥8Bhe doping of
nortmetal on carbon surface is proveniriorease the number of electroactive sites to facilitate
charge transfer reactionas well as decreasing the corrosion and degradation ctfafcis is
because they create localiz@efecd points, or active sites(for example: Q N T C in hetere
nitrogenatomdoping) and change the electronic properties of the carbon felt siff&égure

2.4 shows a short summary of structure and electrocatalysing pathways-wfetatoped GF.
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= = 2 Electrolyte transport A vo*

(d
(1) Redox reaction mechanism of Catholyte (VO**/ VO,*) of B-CF

o
"
0-H 0-V'=0 0-V=0
SOET. il TS T
NO-H (diffusion) —2H* ~0-v'=0 -aH* ~0-v=0
-2e 6

(2) Redox reaction mechanism of Anolyte (V**/ V¥*) of B-CF

0-H o-v o-v 0-H
o+ 2V ¢ e s2¢ d 4 20 4 C with 2V2*
NO-H  (diffusion) ~2H" ~o-v* ~o-v' ~o-H
(from external wire)

Figure 2.4. Short summary of INB-, and Rdoped GF for redox flow battery electrodes. (a)
Structures of each material, (bfd) Mechanism of electrocatalysis in N, P, and B cases,
respectively.

Figures(a) is reproducedrom Xu, A.; Shi, L.; Zeng, L.; Zhao, T. S. Figtinciple
Investigations of NitrogenBoron, PhosphorusDoped Graphite Electrodes for Vanadium
Redox Flow Batteries. Electrochimica A@@19 300, 389395.
https://doi.org/10.1016/j.electacta.2019.01.M¥i8h permissionLicense number

5666150122788&om ElsevierTo view all copyright licenses, sAppendix: copyright licenses

Figure (b) isreproducedwith permission from Singh, A. K.; Yasri, N.; Karan, K.; Roberts, E. P.
L. Electrocatalytic Activity of Functionalized Carbon Paper Electrodes and Their Correlation to
the Fermi Level Derived from Raman Spectra. ACS Appl. Energy ai&).2 (3), 23242336.
https://doi.org/10.1021/acsaem.9b0018&8bpyright 2023 American Chemical Socidty.view

all copyright licenses, se&ppendix: copyright licenses
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Figure (c)is reproducedromWang, R.; Li, Y.; Wang, Y.; Fang, Z. Phosphebwped Graphite
Felt Allowing Stabilized Electrochemical Interface and Hierarchical Pore Structure for Redox
Flow Battery. Appl. Energ202Q 261, 11436%%ttps://doi.org/10.1016/j.apenergy.2019.114369
with permission. License numb&666151057267rom ElsevierTo view all copyright licenses,

seeAppendix: copyright licenses

Figure (d) isreproducedrom Park, S. E., Yang, S. Y., & Kim, K. J. (2021). Bdunttionalized
carbon felt electrode for enhancing the electrochemical performance of vanadium redox flow

batteries. Applied Surface Science, 546, 148B#fs://doi:10.1016/].apsusc.2021.14894ith
permissionLicense numbes677400140107 from Elsevido view all copyright licenses, see

Appendix: copyright licenses

Metal or metal carbides/nitrides/oxides doping also create extra binding siteséatium ions

to bind to Unlike nonmetatld o pi ng, t hese 06bi ndidopgdnsetaltinetlted ar e

carbon frameworR® Rather, they arenetal ions &hydroxyl functional groupg® Figure 2.5

describes the vanadium electrocatalysing mechanism of metal oxide, carbide, and nitride

decorated carbon electrodes.

Positive side Negative side
Ionede[OH(bUIk) 9+2H+ 9+H20 lon exch. VD +H*
Q y(l\") e transfer 'V(l![)o transfer "’V3+(bulk) ;( )+
— e » »

»

= = <> 2+ 7T o
lon exchj O_X(") 0 YI(”) onex‘cﬁ (bulk) V(I)+H
V03 (bulk) O+H* O+2H++e

‘ Metal o O/N,C

Figure 2.5. Surfacedecorated metapecieon GF electrodes and their vanadium reaction
mechanisms.

Figure taken fronSchnucklake, M.; Cheng, M.; Maleki, M.; Roth, C. A Mraview on
Decorating, Templating of Commercial and Electrospinning of New Porous Carbon Electrodes
for Vanadium Redox Flow Batteries. J. Phys. M&@#21, 4 (3), 032007.
https://doi.org/10.1088/2518639/abflavith acreative common license
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Ultimately, surface treatment techniques aim to improve the electrode | electrolyte surface in an
RFB. Figure2.6 shows aschematic vievwof what the electrode | electrolyte interphase looks like.
When a bias is applietb the cell, ions in the electrolyte realign at the interphase, forming a
double layer. There are a lot of electrical double layer theories; this thesis uses the Gouy
ChapmarStern model with a diffusion layer between the compact double layer and the bulk
solution®>%¢ The rationale for this is the observation froaslectrochemical impedance
spectroscopyKIS) results, which will be more discussed more in details in se8t@3Battery
characterizationThe EIS resultsevealn o w ma ny i signgsatieeie aramacsgstem.

The double layercaused by ions arranging positivélynegativelyi positively i negatively
because of biaat the electrode surface makes up capacitance signal in EIS resulfsthere is
another capacitance Osignal & obser vAdidfysioni t i
layer also has ions arrangipgsitively negativelyi positivelyT negatively this is caused by

the generated product(s) of the electrochemistry reactidi{s) diffusion layer should be wider
(less compact) than the one nearer to the electrode due to being less p&acheaf. these unit

has their own process happen in th@hnarge transfer, desolvation, diffusip@nd carry their

own set of resistance.
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Figure 2.6. Schematic diagram of the electrode | electrolyte interphase in a VRFB.

Adaptedwith permissionsrom Wei, X.; Liu, S.; Wang, J.; He, Z.; Zhao, K.; Yang, Y.; Liu, B.;
Huang, R.; He, Z. Boosting the Performance of Positive Electrolyte for VRFB by Employing
Zwitterion Molecule Containing Sulfonic and Pyridine Groups as the Additive. [BOR3 26
(6), 3147 3159 https://doi.org/10.1007/s1158120-034810. License number 5666050027490
To view all copyright licenses, sAppendix: copyright licenses

On the electrode | electrolyte interphase, the chaagsfer reaction happens. It is noteworthy to
mention that before that, active materi al I or
the vanadium catholyte example. In sulfuric acid solutions, they are solvated by Waexists

in the form of [VO(HO)s]?" and \P* exists in the form of [V@H20)4]*.6” These solvated ions

then gradually lose water in their structure, adsorb to the carbon electrode temporarily (1), the
electron transfer process happens through a few mediant complexes (2), and a new vanadium
species forms, coordinates with water to form aqua complexes, for example+\BEBLO A
[VO(H20)s]?* (3), diffuse to the bulk. Many reaction mechanisms foPV®© VO,* have been
proposed. The chapter 4 of this thesis will review those modealegth. For now, the simple
reaction route that most literature agrees is CEChemicalelectrochemicathemical, as
explained from (1) to (3) aboV&.Figure 2.7 describes a general chemaattrochemical

chemical reaction mechanism.

(1) Chemical adsorption

/ desolvation
| |

| |
OX”+ (x = O)lh OXn+ (x = d)_ OX”+ (x = =)
(2)

Electron
transfer

I
Red (= o)== Red , - ) m——— Red , - ..,
I I

(3) Chemical
desorption / solvation

Figure 2.7. Schematic diagram of a chemigdéctrochemicathemical reaction mechanism.
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Thermodynamicallya generalelectrochemical reactionA + ne + nH" A bB between the
oxidized form A and the reduced formtBh at can be measur ed-cafgbhonst
to be discussed in Chapter 3, secan ]) follows the Nernst equation:
o 0 'Y"YB o YY. O QN 6 ¢ Q@ &

T —L oOw € &

€ b € J) o ©O d «
E° QV or mV vs Ereferency refers to the theoretical reaction potential at conditions other than 1 M
[H*] and/or 1 atm, E(V or mV vs Eeeferency is the formal reaction potentiat standard
conditions (1 M concentration of A, B,"Handgas partial pressure 1 gtihapplicablg, Q being
thereaction quotient to show the state of reaction at a specifi¢ teéspectivelyBy definition of
a reaction quotient

01 € Q600 6

YQOwo wedd O

C

QN o6 wagdE &

With [A] being the timespecific concentration of specie A in the solution of study (MpIR, T,
F are gas constants (JmK), Kelvin temperature (K), and Faraday constant (Ciol

respectively. The parameter n refers to the number of electron transfer

Back to thevO?*z VO3 reaction, this ionic notation of the reaction is widely accepted: WO

2H" + € z VO?" + H,O. Therefore, a more customized form of the Nernst equation is as

follows:
. ) Y'Y o0 O '
O O — +——— Qn 6 0 @£ ¢
¢O wu

If the reference is standard hydrogen electrode (SHE)p&ted= E° Gnadiumi Eshe = E° Ganadium

because &= 0 V. Experimentally, if one sets up a YOVO?*, H' || H'|Hz cell (cell 1) at

standard condition (1 M H 1 atm H) , the cell 6s (OQVeHxperifedalodwui t v
would still differ from Bxpecte« A Ccel | 6s OCV is measured at its
usually right after assembly and before any battery testing; its expectedBsdsteqdcan be

calculated from the Nernst equatiby assuming the starting ion concentration is 1000 times

higher than the product ion concentration, indlle+ ne + nH" A bB this means £= 1000 G.

There is a discrepancy betweegsimental ocvand Expected this is because of the internal cell
resistancewhich will be denoted in this thesis BRs Ri is comprisa of all the icompartmeri

resistancedpr this case
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Ri = Rsolution1+ Resolution2+ Ruwires& contactst Rseparato{€quation 25)

In the case of a full cell (unlike cell 1, a fukll consists of two electrochemical reactions that

are not at Aistandar do c o moldition 1 & 2 sefers to the ®vo v e as
compartments of a cell, catholyte and anolyte. Wires & contacts resistances are resistance of the
wires used for connection in the system plus the contact resistance between cell components.
Separator is theon-exchange component between the catholyte & anofte can write this

because t he diecconnggtedrintseniesnt s 0

Polarization of thefull cell means forcing electrochemical reactions to happen in a specific
direction. If a positive voltage (energly)voltage higher than OCY or positive current (flux of
electrons) current higher than 0 (at OCV, no current flows through the cell) is applied, the cell
gets o&6char ge ddreduclidniatshe making aect\dd®, and dkidation to H at

the counter electrodeSimilarly, the reverse reactions happen during discharge, or negative
voltage/current bias: VO oxidation at the working electrode, and Keduction to H at the
counter electrodeBecause the current measurement | determines the electron transfer rate, the
higher | the faster the reaction goes. To obtain a higher value of |, a higher than theoretical value
of voltage E must be applied. The difference betwegpefmentand EneoryiS called overpotential

" . Naturally, overpotentials are caused by resistances,s#'R.

When cell 1 is beingcharged we haveO (0] (0] — & &.0This

value would certainly differ from dperimentar; it also differs from (Bxpecteat+ I*Ri), the voltage

with correction from internal resistané®m equation 2.4Experiments have alsoroven that

there are other resistance elemergpecifically for a polarized cell, they are attributed to the
processes of ions realigning to the external bias, charge transfer, mass transfer (diffusion), etc.

Thereforethe cell potential equation can be written as
Eexperimental = Eexpecteat I*Ri + I* ERextemai(€quation )

The component s t hresistancedukirey palapzatiorargattieatiom eesisfance,
ohmic resistance, and concentration resistdhaetivation resistanceefers to the resistance of
the charge transfer process at the electrode | electrolyte surface, which is more dominant at a
lower charging rate (lower charging current). Ohmic resistance refers to the internal resistance

plus the resistance of ions moving through the electrolyte & sepavetarth should remain
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constant regardless of the charging r&@encentration resistance refers to the mass transport
resistance ofpeciesn & out of the electrode | electrolyte interphasiich is more dominant at
a higher charging rate (higher charging current) because the charge transfer process is already
forced to be fast® Rewriting equation B, we have:

O O Y CY cY cY

O — — — Qn o6 OwEE €

The polarization curve is a graph that shows the relationship between charging (or discharging)
rate of a cell with the correlated overpotentrajure2.8 sketches a general polarization curve of
an RFB. In correlation withFigure 2.6, the lower current losses are the losses closer to the
electrode, and the higher current losses are the ones closer to the bulk electrolyte €altitbn.

the three types of losses, ohmic resistance cadirbetly calculated from EIS. This will be
discussednore in detailed in Chapter 3, sect®2.3

Not sodirectly, mass transfer losses are expresaedhe difference in energy caused by the
difference in concentration between the bulk and the surface apawes® This is hard to

Adi rectlyo calculate since there are not a |
nanometers close to the electrode.

YY.® ®

— L 7=
€ w W

Qn o6 Oadme ¢

20



<
>
N—r
©
o
© | i >
= | =5 bie >
fg | Othclosses i Concentration /
i V- linear ' mass transfer
: i losses dominant
[ Activation \

i losses

Current Density (mA/cm?)

Figure 2.8. General polarization curve of a redox flow battery, showing 3 types of
losses/overpotential: activation (electrode | electrolyte), ohmic (components, contacts, and ionic
movements), and mass transfer (diffusion layeryetérs to the activation energy shown in
Figure 2.6

When one is polarizing a cell by applying voltage bias, one records the current value, or reaction
rate value. The rate of an electrochemistry reaction is described as

.. Q0 . .

Q o €O €0 ’ € "OQw Qw QRO Oade ¢
with j being the cell current density (A.ci n being the number of electrons transferred, F
being the Faraday constant (C.mMok: andk, (cm.s?) being the forward and backward reaction
rate constants, respectively, add , @ (mol.cm®) being thesurface concentration of the
oxidized and reducespeciesrespectively.

At zero overpotential, there should be an equilibrium ’ . The cell current density at this
point expresses the spontaneity of the electrochemical readtios is the exchange current

density jo. The ButlerVolmer equationdescribes the relationship between current at arbitrary
timej(t) andjo as®

. "O- "O- e,
Q Q 'Qdon'ﬁ]WY Qwﬂ% Qn o6 waa e
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with U being the charge transfer coefficient or the symmetric parameter of the oxidation vs

reduction direction, experimentally 0.3& < ~ Ois tfle; overpotential applie®ecause the

condition of the equation is near zero overpotential, it is safe to assurnaghativationhere.

2.1.3 Performance parameters: capacity, efficiency, energy and power density

Arguably afullcellds most | mport ant,Qaasueashe quantity of ¢ldetec c a p a «
charge a battery can store during char@enage Or can release during discharg®uibchargd-
Naturally, the unit of Q ishe amount of charge Coulomb = A.h,@urrent*Time.Theoretically,

an RFB capacity should reach

~
¥

0 € "00Qn 6 waMp ¢

with Qumeaetical (AD/L) being the theoretical capacity, n being the average amount of electrons
transfer per reaction, F being the Faraday constant (Ah/mol), and C being the active material
concentration (mol/L. It is clear from equation 2l1that specieswith high electron transfer

numbers and high achievable concentrations would be beneficlagfecapacitycells.

Due to various losses discussed abdlie experimental capacitexperiment (Ah/L) is neveras

theoretically expected. Therefore, it is measuredxperiments raw data as:

: 00,
0 5 QN o0 wa@WE ¢
with | (A) being the applied current, t (h) being the time a cell takes to reach the cutoff voltage,

and V (L) is the volume of the regarded electrolyniethis work,the same amount of electrolyte
in both Cath0|yte and an0|yV$3.S usedSO V :Vcatholyte+ Vanolyte: 2Vcatho|yte: 2Vano|yte

The ratio between observed capa&yp vs theoreticalcapacityQtneaetical Shows theutilization,
or how much of the active materials in the electrolyte actually could generate captuityell
Utilization in VRFBs could reach ové@0% with the help of electrocatalyskecausehey limit
the Rnarge ransieANd increases theefcive'* However, some organic RFBs recorded utilization as

low as 2194° This is probably due to precipitation and other issues discus€thjster 5

Regarding capacity, eveghargedischarge CDC) cycle gives a different value of cell capacity;
the longer the cell has been running, the bigger the capacity loss from early cycles. Therefore,
there is another parameter proposed by scientists: capacitydiadecay)rate. Capacity fade
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rate measures how much capacity versus peak capacity (cy@easlthe usual hallmark) a cell
is losing per cycle or per day; unit %/day or %/cycle.
OO QI ®QQ 0

8 &1 ¢ IR 6 QD o OB Q - Zp TR 6 & aMeE

6 1N & BN § QRO ©
£E00QOAIND®ABDHUOL Q1 dQQ O
0

Zp MG 6 OEEMe:

Another battery parameter is efficiency. There are three important tyeéecmncy in an RFB:
voltage efficiency(VE), coulombic efficiency(CE), and energy efficiencEE).”?> Voltage
efficiency measures the ratio between average discharge voltage (harvested voltage) vs average
charge voltage (input) to show how much overpotential a cell is needing to reach a certain
current density (certain reaction rate). Coulombic efficiency measures the ratio between
discharge (harvested) and charge (input) capacity to show how much charge efficient a cell is.
The rounetrip energy efficiencys a product of VE and CE

W

w'e d)—Zp MmN 6 Oaine

80 1 zpmmIG 6 Oamb

00 ®»C60Qn o6 OamMide
To make practical evaluations between batteries, energy and power density parameters can be
used. They measure how much energy or power (rather than electricity charge) per unit of
volume a battery takes up in space. Because 1 J=1V*1Cand 1 W =1V * 1A, we have the
following equations:

N ) 0 2 6
00 v zZw QR 6 OEWEOEIV O —F——
d @ d 0€1 aowa@u

2 leln 0 W@ e

with Qexp (Ah/L) being the experimeal capacity of a cell as defined in equation22.1
O 0 ho (V) being the discharge current and average discharge voltage of such

cell, respectively, and the normalized factor is usually per centimeter square of electrode.
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Amini et al proposed a method to estimate the maximum power density a cell can reach from

measuring experimental datapen circuit voltage OCV (V) and itsohmic resistancealue

(Y .cn?) describedabove’

00w ., , .,
00 j T,Y—Qnow@;mws
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Table2.2. Summary of cell resistance and power density of common RBEs.these data are
at peak performance, not specific to any operational conditions other than temperature.

Ohmic cell resistance Operation Power density| Ref.

Ronmic (0 . &)m temperature (°C) (W.cm?)
VRFB | 0.217 0.36 251 30 1.721 2.78 &
Fe/Cr | 0.321 0.46 251 40 0.677 1.63 &
Ce/zn | 0.21 0.6 25 0.046 “
S/Br |77 13 107 50 0.64 &
All - 15 25 0.509 &
organic

It is worth considering that an electrochemical cell is not a standstill system, but rather a
dynamicsystem, even at equilibrium. Therefore, the parameters are only truly reflecting-if state
of-charge (SOC) or stataf-discharge (SOD) are at the highest (fully chargedickt energy &

power calculations) or lowest (fully discharged éelor efficiency calculations), respectively. A
SOC or SOD i s
oxidation (or reduction)reactionsvs the total concentration of actigpecies simply put, how

cell 6s det er mi rsgedesgbing thtobgh r at i
many mols ofspeciesare beingcharged odischarged against homany total mols ofpecies
are thereSOD = 1i SOC For example, using the redox pairs at discharging stalable?2.1,

we can write the expected SOC equations like the following:

WL
YO O - - QN 6 B¢
w L w L w w n @ g
VG 8 "0Q 0100 O a an 6 ¢ ‘mﬁ‘
VO — — S 0w BE
T oQ oQ Ol o10Ouv oaqa d @
N 8 01 Y Qh 6 & agnb:
(Yo} - - 0w [V ]S
7 i 61 Y Y d @
0Q wE e s
Y0 O m QN 0 wa@WB e
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While efficiency, ED, and PDparameters are used to evaluateedi, it is also important to
acknowledge that those results vary between experimental conditions. Usually, the faster one
forces & electrochemicateaction to happeiiby applying high current)the worse thecell

performs, in terms oflow utilization, capacity, and efficiencfccording toFigure 2.8, at high

current densities (green zone), the concentration loss is significant enough that the total voltage
losses are higher than the low and 1oigrent zonesAccor ding t o Fickoés fir

onedimensional cagé

~
v

0 & "OtF*’ ¢ 08 ° _ ahooamet
5 S5 n @26

With j (mAcm?) being the current density, n being the number of electron(s) trang@maét?)

being the Faraday constafl, (cn?s?) being the diffusion coefficient of active ion in solution

(VO2* for example), — being the derivative of concentration by distance from the electrode

surface, which is approximated to be————— with Csurtace (Molcni®) being the

concentration of the active ions on the electrode surface at one point in timem@lcnt®)

being the bulk concentration of the active ions in the regarded electrolytayi@seh (cm) being

the diffusion length.For solutions with 1 10 mM total ion concentration,qiflision Can be
estimated as t hr e ep/ fThe Debge lengtheof vanadiupased lors nag beh o
calculated from EIS (see Chapter 3, secBdh3and Chapter 4, sectigh2.6

When the current increases to its upward limit in Figure 2.7, the cell voltage can decrease to 0,
where no reaction can happen anymore due to dominantly high mass transfer loss; this limit is
call ed t he 0 Thisrnsi whennggace € @ in equation&@.16. At | <iiing, from
equation 2.16, one can see that the higher j gets, the lowes.e@oes, decreasing the

electrolyteds wutilization.

The SkyllasKazacos team described the limiting currehVRFB ag®

~

Q E® Q QR o Oaimyg ¢
With jimiing (AM™2) being the limiting current, n being the number of electrons trarGfek,

(molL™?) being the bulk concentration of the vanadium ions in the regaléettolyte, and k

(ms?) being the mass transfer coefficient of the vanadium ions in the regarded electrolyte.
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When the total cell resistance is high (R shof& + Ractivation+ RconcentrationVhen Roncentration>> 0),

the full cell overpotential, or, the distance between the average charging voltage and discharging
voltage (to be explained in Chapter 3, sec?.3 will increase. This overpotential increase
directly decreases the full cell ds voltage ef"

One can theoretically calculate the current it takes to finish charging a cell in gntteur
electrochemistry communityefer to thiscurrent valueas theé 1 C  1Sianiladypcharging at

0.1C means it takes 10 hours to charge, reaction can take its time, ions can diffuse, while
charging at 5C means it takes 60/5 = 20 minutes to charge, and concentration resistance will be
dominatng. Other factors can also contribute to a cell performance, SRE, temperature,

power reliability, impurities, etc. While the current density (which directly relates to reaction

rate) SOC, and impurities argenerally reported in literature, industrial, and governmental
reports, the other factors are not alba&lawys <cl e
lists the abovementioned cell evaluation metricsl@® mA/cn?, a current density generally

regarded asinBABast <chargingéb

Table2.3. Comparison of cell performance metrics of common RFB8@mA/cn?

Capacity fadg CE (%) EE (%) ED (Wh/L) |PD (W/cnf) | Ref.
(%/day)
VRFB |15 97.371 97.8 | 707 83 207 35 0.251 0.75 | 7981
FelCr |2.41 25 9471 96.8 781 83 107 11 0.09L7 0.156 | &
CelZn | 2.41 25 95.5198.0 |713i 763 |7.2i11 0.032i 0.042| &
S/Br 0.005 (static) ~99% 88.2 107 28 0.64 12,7583
2 (flow) (50 mA/cn?) | (short cycle | (60 mA/cnt)
Iite) 107  (novel
<50% (long| separator)
cycle life)
All - 0.17 1.5 9571 99 801 85 1771 25 0.15 84
organic

27



2.2 Active materials in a redox flow battery

2.2.1 Overview and benchmarking

From the parameters discussed above, we propose a simple tool to evaluate the practicality of
some redoyactive couples irFigure 2.9a . The O6éothersd partxioitgt er s a
kinetics, if parasitic reactions have been reporgghgraphic conditions (climate, different
regionalspecific demands off-grid communities or smart grid applications, etc.), supply chain

issues, etcThesolid activemat er i al 6s t heoreti cal capacity an
handbooks.Theoretical capacity of a solid material (before dissolving in a solution, unlike
equation 2.10) is determined by how many electrons its reaction transfer and its molecular
weight.

3 - © T
0 D—Qnowaﬁws

= x

with Qteo,salidunit being Ah/g or C/g, F (Ah/mol or C/mol) being the Faraday constant, and M
(g/mol) being the molecular weight of interested mateltigs. easy to see that amongst transition
metals and organispeciesallowing more than 1 electron transfer per reaction stoichiometry, the

most lightweight material will be favored.

Based on thealues in
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Table2.2 &

Table 2.3, we propose the choices kigure 2.9b. The choices in Figure @ showed that the
vanadium & organic active materials for RFBs are wantrestigating for energy, power, and
long-term purposes.

Active material
evaluation

Active material
evaluation

Energy Power Long-term
purposes purposes purposes

Energy Power Long-term
purposes purposes purposes

Fe, Zn, S, Br & Vanadium &
organic organic

Vanadium &
organic

Theoretical Cell
Q&v resistance
) Elevated Elevated

Vanadium &

Toxicity organic

Figure 2.9. Proposed purposkbased active material evaluation & decisioraking scheme from
common RFB active materials

2.2.2 Active materialsi Vanadium base

While being the stellar candidate, VRFBs have their own challer@es. of the biggest
challenges of VRFBs is the material cost of vanadium and cell t&¥. Initially, the Skyllas
Kazacos team prepared electrolytes for VRFB by dissolving \WQS®) in sulfuric acid in
their initial reports:>'°Because YOs is the cheapest inorganic vanadisase compound, &ss
than US$13 per po®ihahe chooses VOSQVA pas the skarting enaterial,
then convert it to ¥ through any kind of processing before battery assertitg#yncrease ofhe
vanadium concentratidior increase theoretical capacity wokbonentially increasthe capital

cost of theelectrolyte

The SkyllasKazacos team developed two methods for VRFB electrolyte preparation in the 90s:
chemical reduction and electrolysis to prepaféand V#* electrolytes from ¥Os because of its
lower cost compared to VOSGnd higher theoretical capacity (the theoretical capacity of
VOSQ, is 164.43 mAh/g, while the theoretical capacity afWis 294.72 mAh/g}> However,

V20s has lowwatersolubility®¥%To t his date, any s@hsatstaring t hat
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solute would al most <certainly precipitate wit
VOSQ: might not®¥°2 Increasing the solubility of A0s in acidic electrolytes isf importance
for VRFB battery development; even with VOS@s the starting active material® can

precipitate out during battery operatidn and

The solubility of \bOs increases with the decrease of temperature and the increase of sulfuric
acid concentration, which creates a challenging situation to operate this battery in a narrow
temperature range (preferably at room temperature). Higher acid concentration can hinder the
solubility of V?* and \?* speciesin the anolyte, so acid concentration is usually maintained
below 4 M%3%4SkyllasKazacoset alprovided insights on the ®s solubility in different HSOy
concentrations including 6 M and higher along with temperature range of 3D°C; the
solubility curve of \bOs is shown in Figure 2.1%% El Hage et al accomplished a ¥
concentration of 0.4 M in 3 M #$Oys at 30°C; they also studied the dissolution kinetics and
found the covalent natuie theV 1 O bond in \4Os (hence, requires excess energy to hydrate)

to be the ratdimiting step in the dissolution procestV:Os in acidic solutions to form Vg).%3
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Figure 2.10. Solubility of \{Os in the form of dissolved vanadium ion concentrationf\J&
2Cv,0, at different sulfuric acid concentrations and temperatures.

Reproduced with permission frddkyllasKazacos, M.; Cao, L.; Kazacos, M.; Kausar, N.;
Mousa, A. Vanadium Electrolyte Studies for the Vanadium Redox Baftdrgview.
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Other aspects of material considerations lay in the operation conditemgerature, pH,

optimal current density, arstateof-chargemonitoring.Vanadium electrolytes have been proven

to be functional in the 10 40 °C range The \,Os precipitation becomes m® problematic

abowe 40 °C, and the anolyte precipitation becomes more problematic below firadge’’%

The VRFB is always operating at highly acidic pH, elaborate?.2m4 Non-active materials

supporting electrolytesind additves The opti onal current densit
reaction kinetic & diffusivity which terms would be elaborated@mapter 3and the discussion

of such matter in Chapter Monitoring the SOC helps us find out if any unexpected reaction(s)

is taking place, any asymmetry due to crossover or slow kinetics on one side is happening, or any
unexpectedspeciets) is being generatedne simple method of SOC monitoring is WS

spectrophotometer, which is elaborate€hmapter 3
2.2.3 Active materialsi organic

Organic materials are one of the biggelsiss of materialén the world. The design flexibility

allows for many compounds with any targeted purpoBeis. flexibility also makes it possible to

adjust their properties, such as their redox potentials and solubility for higher energy density in
RFBs, their redoactive functional group(s) for higher power density and lower corrosivity,

lower toxicity. Organic materials (apart from hydrocarbons) are usually derived fromass

(plants, fungi, or algge Because plants argbundah and fArenewabl e, 0 with
materials which can be mass produced from ghased sources are considered slightly more
Asustainably sourcedo t hakundedsl!(f natnmbre) p@anic der i
compounds have been proposedemoxactive materials for aqueous RFBgH2>8Figure2.11

lists some common organic active materials for RFBs
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Figure 2.11. Some common redactive materials foaqueoudRFBsand their theoretical
capacity, solubility (in bracket), and number of electrons transfer (in bracket)

Abbreviations9,10-Anthraquinone2, 7-disulfonic acid (2,7AQDS), 4,5dihydroxy1,3
benzenedisulfonic acid (BQDgHiron), anthraquinone&-sulfonic acid (AQS), 3;dihydroxy
9,10anthraquinone2-sulfonic acid (ARS), quinizad8Q-TKMP, alizarin S. RedKMP, 3,6

dihydroxy2,4-dimethylbenzenesulfonic acid (DHDMBS),-tliBydroxyanthraquinon,7-
disulfonic acid (DHAQDS) ,4-dihydroxyanthraquinon,3-dimethylsulfonic acid
(DHAQDMS) 4 , -Biphgnot3 , 3 Nj, ebt,r5aNg u | f eBRTSYlignasuliorthte,( 4 , 4 Nj
polyhydroquinone (PHQR,3,5,6tetrakis((dimethylamino)methyl)hydroquinone (FI2,3
diaza9,10-anthracenedione (DADR,3-diaza6-methoxyanthracened,10-dione (DAD(MeO)),
2,3-diaza5,8-dihydroxyanthracened,10-dione (DADdi(OH))5,8-dihydroxy2,3-phthalazine
(DHP), 5,8-dihydroxy6-methoxy2,3-phthalazine (DHP(Me)).

Reprinted with permission from Cao, J., Tian, J., Xu, J., & Wang, Y. (2020). Organic flow
batteries: Recent progress and perspectives. Energy & Fuels, 34(11),/13384.
https://doi.org/10.1021/acs.energyfuels.0c02855. Copyright 2023 American Chemical Society.

view all copyright licenses, ség@pendix: copyright licenses

In comparison to inorganic RFBs, which has been around for decades, the acfjasicaterial

for RFBslandscape has only started growing for about fifteen to twenty years. The first few
organicincluded RFBs are hybridiron || Pb andnthraquinone2,7-disulfonic acid|| B.?2 The
chemical structures of tiron (4dihydroxy-1,3-benzenedisulfonic acid) and anthraquin@ngé
disulfonic acid are shown iRigure 2.12. In 201Q Xu et alused tiron as a catholyte against

PbSQu|Pb andobtained a cell with 98% CE, 70% EE at 10 mA/édHowever , t he
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large internal resistance drop, the rapid capacity fade, the complicated redox mechanism of
Tiron, and toxicity of Pb prevented this system from ever gettisgaled In 2014, Huskinson

et almanaged to reach 0.6 W/émower density at 1.3 A/cinCE > 95% at 200 mA/crf) and

less than 1% capacity loss after 10 cycles with that syStEfine anthraquinon@, 7-disulfonic

acid || Bs system ha®rominerelatedtoxicity issues. It is worth noting that those groups chose

Pb or Be probably due to their weknown redox chemistry and their ability to make high
voltage cells with the organispecies Therefore, pairing the abowpecieswith other more
practicalspeciexan be an attractive direction. Scientists have done a lot of that TWak.have
alwaysbeen focusing a lot on a group of orgaciemicalghat can offer low cost, low toxicity,

and high technical readiness: quinones.

(@) 0 © Na
HO §—0Na OH ),
S
’ 9S¢O
HO + H;0 %
0=8=0 00 OH
ONa Na*
Tiron Anthraquinone-2,6-disulfonic
acid (AQDS)
(b)

-2e, +2 H* +2 e
_2H+ 2 7
-2 H+ 2€

Figure 2.12. Redox reactions of tiron and anthraquinones. (a) Tiron chemical structure, (b) Tiron
redox reaction, (c) AQDS(2,6) chemical structure, and (d) AQDS(2,6) redox reaction.

A simpler and more weknown quinone than the abovementiorskciesis benzoquinone
(BQ). It undergoes a protecoupled electron transfer process when polarized; the molecule
allows 2 electrons to be transferred per molecule. In agueous sohlhemésjs one redox wave
signal indicating a twlectron transfer process. This is regardless of pH, although the reaction
mechanisms slightly differ at different pH due to the molecule protonation/deprotonation

charactet®® The protonation/deprotonation pKealues of BQ are 9.85 & 11.40for two
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protons!®? The redox mechanism with pKa taken into consideration of BQ is shoWwigime
2.13.

(a) OH 0 (b) o) OH
-2H', -2¢° Reduction
pH < pK,(BQH,) — +2e+2H
9.85 +2H",+2e” Oxidation
OH O EC, E°, ) OH
BQH'_) e’ e’
 —
0~ 0 pKa, H*
5. -2e”
pH > pK,(BQ™) s
- Ka, H*
11.40 *2e e
O_ O -------
BQ* pH 1 pH 4-7 pH 10 pH 13

Figure 2.13. Redox reaction mechanisms of BQe horizontal line indicates an electron
transfer, the vertical line indicates a proton transfer.

Figure (a) is adapted from Cannon, C. G.; Klusener, P. A. A.; Brandon, N. P.; Kucernak, A. R. J.
Aqueous Redox Flow Batteries: Small Organic Molecules for the Positive Elec8phtess

ChemSusChe023 16 (18), e202300308ttps://doi.org/10.1002/cssc.202300303eative

common license BY

Figure (b) is reprinted fr e@mOWant egeSpeciksn , Dr ag
Aqueous Flow Batteries: Redox Potentials, Chemical Stability and SolubditiRefs, 39101
(2016).https://dotorg.ezproxy.lib.ucalgary.ca/10.1038/srep391CGteative common license BY

L e t 6 sthe BQarkaetions furtherAt fully protonated state, pH pKay, the reaction includes

two protons® 0 ¢O ¢Q z & UO. According to the Nernst equation:

0O © YY& 0 nawiw'rf*6 T8 LIWOQN 6 O CF@édE
¢O 600 C 00 dabil .

At partially protonated state pke& p H 2<6 Op KOa ¢Q z 6 0O . Similarly, the Nernst

equation for this system can be written as:

o ‘Y"ml(x')ﬁ"o o T[8Iin.|. 60 nsru‘w,,on,éd)‘ s
O 600 C 00 ¢ d d g6
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At fully deprotonated state pH > pad 0 ¢Q z 6 0 . The Nernst equation becomgs
independent If one considersO; as the potential when [Ox]/[Red] = 1, théD; is
independent of the redeactivespecie6 concentr at i o®¢ relatiorghipaitth s h o w
pH i s call ed a In&Paunbaixdiagram, ifdhie i@, a’trp Ois horizontal,

then the reaction is not pH dependent, likéid ¢Q z & 0 . However, if there are proten

coupled electron transfers, the li@e,  "Qr) "Owill have a slopdike in equatios 2.19a or

2.19b. BQ, Tiron, and some anthraquinone Pourbaix curves are shdvgure2.14.

While their structure are differenttiron and anthraquinong®\Qs) have very similar redox
reactiongo BQ, shown inFigure2.12. However, their standard potential values are different due

to the electron withdrawing groups attached. The electron withdrawing groups like sulfonate,
carboxyl, or halogens, can theoretically raise the redox potential of a molecule up to 1.5 V.
Electron donating groups like hydroxyl and methyl groups can theoretically decrease the redox
potential of a molecule up 0.6 V1% In experimental observations, the number of sulfonated
groups are actually not as important as the position of thethe benzene rindhe closer the
sulfonate group is to the C=0 (position 1, 4, 5, 8), the more it adds to the redox potedfal of

The edge positions of 2, 3, 6, 7 only increase the redox potential of up to B3 Rdwever,

adding extra electron withdrawing groups to AQs do not seem to change their standard redox
potential by more than 0.1V, if at &

Another difference between the small BQ, the substituted Tiron, and the big AQs is their water
solubility. Naturally, the sulfonated groups increase the solubility of the plain BQ ring, making
its solubil it inachklic gddiem buttstill surprisBigydlever than HQ (OH

form of BQ) in base andimilar in neutral supporting electrolyté®’ This is probably due to the

-OH groupenabling the solubilityn basic (OHcontaining)medium For AQs,the similar trend

is observed:SOsH groups increase the solubility in all medium especially acds] groups
increase the solubility in basic medidli.The hal ogen substitutions
solubility significantly!°® It is important to choose a pH higher than the highest pKa value of a
guinone to obtain its highest possible solubility due to the compound being in the protonated, or
ion, state; it wouldalso be beneficial to choose a compound with low pKa for dissolution to

enhance pH effect$he solubility of BQ, tiron, and some AQs are showFigure2.14.
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Figure 2.14. (a) Chemical structures of AQ and a few derivativesP¢@)rbaix diagram (dotted
lines) and solubility (columns) of common quinone chemicals for RFBs. The numbers are slope
values for Pourbaix curves that have changing slophks.lines without slope value noted have

the only one slope0.05V/pH unit.

DatatakenfrowWe d ege, K. : Dragevili, E.; ISpesiggma, D. ;
Aqueous Flow Batteries: Redox Potentials, Chemical Stability and Solubility. Sci. Rep. 2016 61
2016 6 (1), 113.https://doi.org/10.1038/srep391@nd Lukeg, V., Kovgl|l ovsg,

H. (2022). On thermodynamics of electron, proton and PCET processes of catechol,

hydroquinone and Resorcinblconsequences for redox properties of polyphenolic compounds. J.
of Mol. Liquids, 360, 119356ittps://doi.org/10.1016/].mollig.2022.119356

2.2.4 Non-active materialsi supporting electrolytesand additives

For organicspeciesone should choose a pH not neapacieépKa value preferablyat pH O
(pKa: + 1) to avoid the protonation/deprotonation reaction competing with the charge transfer

reaction Reactions that involve proton(s) transfer, generally, have a slower rate cdhatant
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reactions without proton(s) transfer. Thiddige to the outer sphere nature of the reaction (outer
sphere reaction definition will be introduced in chapter 4, sedtipi§).'% Thus, it is preferable

to choose alkaline pH to obtain deprotonated quinones for faster kinétmsever,
electrochemical reactions of tiron and AQDS(2,7) in basic medium show complicdiiamsis
reported to not work well in basic supporting electrolrtaultiple unexplained redox signals,
irreversible kinetics)while AQDS2,7)is reported to workvell (almost reversible) kinetias a
wide range of pH>1%|t is also important to choose a pH buffer thas high chemical and

electrochemical inertia to minimize unwanted reactions in battery operation

For vanadiumspeciesbecause/O;" and V& tend toform water insoluble compounds basic
mediunt® most VRFB electrolytes are kept in very acidic conditions. Howefveire H2SOy
concentratiorgets too highthenthe risk of corrosion to the vessels increa3ée currenVRFB

vessel is reported to be polyethylene, which acid resistance is high, but only tested for 30
days!®1%There exists a healthy balance betweenfficient H.SQy concentration to facilitate
reactions and a low enough concentratiodower risks. Skylladgazascos reviewed multiple
[H2SQu] against multiple vanadium ion concentrations, viscosity, and conductivity \ilTias.

most commonly used H,SQ: concentrationfor VRFB lies between 3 6 M.°® Chapter 4
describes one method of decreasing this concentration without sacrificing performance:

additives.

To solve the solubility issues of the vanadium catholyte, arising in the direct us©9bito

prevent its precipitation during chargei s c har ge, additives can hel

concentrationso and increase the ®YTheteareity
a few different types of additive to prevardOs precipitation including dispersion, complexing,

and threshold agent& While dispersing agents can reduce the distance betveeemiumions

to decrease the size of the clusters, therefore, decreasing the chance of precipitation; complexing

agents can change the coordination environment of the vanadium ions to decrease clustering
possibilities, and threshold agents can decrease the crystallization growth rate by blocking sites

for clustering®® So far, most research studies for additives have focused on the use of more

accessible chemicals, wider operating temperatures, and higher concentration for a period of less

than 60 day$86°7.107109
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Wanget alhave successfully prepared® electrolytes with an initial [V&@] concentration of

3.0 M at 30°C with no precipitation for more than 30 days using 5 Ms&: with 0.5 wt% of
additives!®® They found HCI andnethanesulfonic acigCHsSOsH, MSA) to be the two best
candidates in terms ahhibiting precipitationand increasingelectrochemical performance.
However, it is worth noting that all of their solutions show at least 0.1 M decrease, at most 1.3 M
decrease in [V@] after 87 30 days. Some other studies have also highlighted these two
additives for vanadium catholytes because they can increase the precipitation tipls ahd/

the electrochemical reversibility of the®’Vz V** reaction, improve the current density, and
lower the resistanc®:%6:°7108110 Considering HCI and MSA being cost effective and accessible,
there have been several studies focusing on their benefits asavent forthe vanadium
catholyte?®-79.111

However, the londgerm stability of chemical interactions between the additives and the
vanadium ions needs to be considered before adopting these additives for larger scale
applications.Vanadium (V) in the catholytss the highest conventional oxidation state with a

high standard potentiafO P8t TU i"Y'OY Therefore, sme chemicals, ofi c- o

sol vent s 0, > to¥ decremsing the avérage oxidation state of the starting material

or decreasiolcgharged 0sf attehe b at® HCF lyad sedusingar t i n
tendency that can react with YQV®") to reduce it to V& (V4. In the presence of HCI in the
electrolyte of a VRFB, during operation, chlorine gas may evdivespite of the standard

potential for chlorine gas evolution being higher than that of the vanadium catholyte potential

(O P& @ i"Y'O gas evolution could happen during battery operation at high

charging current and voltag®& Wang et al studied the V" stability and electrochemical
reversibility over the course of 30 days in the presence of MSA and other additives with similar
structures® Their findings show that the MSA additive helped stabilize the vanadium
concentration. However, they did not clearly explain why the aniog5Ok could contribute to

the improved electrochemical reversibility by providing ex@@H groups to the V&/VO?
conversion. Kimet al drew a similar conclusion usimjV-NMR and UWVIS measurements.
However, their 1M ¥Os solution still precipitated after 7 days in the presence of MSA additive
(solution without MSA precipitated in 1 day) at®@¥° Therefore, there is a need to study the
long-term effect of MSA and HCI on the®V/solubility and electrochemical kinetics.
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2.3 Separator materials in a redox flow battery

Regarding separator for RFBs, Nafion material has been the biggest topic of interest among
researchers and scientidts? Nafion is a perfluorosulfonic acid polymer that is widely used in
various electrochemical applications due to its excellent proton conductivity and chemical
stability. Ever since its development By l. DuPont Company a few decades,agbas become

the most popular separator in fuel cells and REBEhe chemical structure of Nafion is shown

in Figure 2.15.

—[((EFCFz)(CFzCFz)m]—

OCFQ(IIFOCFZCFQSO3H
CF;

Figure 2.15. Structure of hydrated Nafioiihe (CFCE) chain is the backbone, th@CFR
chain is the side chain, and the sulfonic group is at the end of the side chain.

Reprinted with permission from Mauritz, K. A.; Moore, R. B. State of Understanding of Nafion.
Chem. Re\x2004 104 (10), 45364586.https://doi.org/10.1021/cr0207128 opyright 2023

American Chemical Society

However, there are still several issues related to the use of Nafion as a membrane for redox flow
batteries that need to be addressed. One of the main issues with Nafion is its high cost, which can
make it difficult to scale up the production of redox flow battetté€>11*The high cost is

mainly due to the complex manufacturing process and the high cast ofaterials. The second

issue is themechanical strength arttie fact that vanadium positive ions can naturally diffuse

into the nanoscopic structure of Nafion and react with each oiinéng VRFB operations,

causing selflischarge®3® While modifying Nafion with physicalpaired with chemical
treatment (vacuum heatingfter boiling'®, recasting'®, etc.) or chemical treatment
(copolymerizatioff, additives!’, et c. ) can-dd scrhea ge 0i,t ¢ hies elofs t
increase from thse processe$herefore, it is crucial to find an alternative for Nafion to improve

VRFB performance.
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There have been a lot of research in the past decade on alternative polymeric separators for
RFBs. Aniorexchange membranes (contrary to Nafion, a catiohange membrane) can
facilitate Fe/Cr RFB (se8.1.]). Polyarylenebased separators can be either amixchange or
cationexchangeln 2010, Chen et al synthesized sulfonated flucimgaining poly(arylene
ether sulfone)s and studied the proton conductivity of the product as well as cliisgharge
performance of VRFB using the product as a separ&tdiheir highest protoronducting
polymer has a conductivity of 0.017 Sénwhile Nafion 117 measured at the same condition has

a conductivity of 0.032 Scth However, the VRFB assembled with their separator has
comparable polarization resistance, and higher coulombic efficiency(6R®% compared to
62.9%). In 2015, Pezeshki etsinthesized different Diels Alder poly(phenylene) polymers for
both anion and cation exchange membranes for VRFB applicatfblikeir cation exchange
membranes generally show higher conductivity (up to 0.107'Scwmparable to Nafion at
0.0731 0.125 Scrit measured at the same conditions). Both types of their membrane showed
better VRFB performancethan Nafion membranes85% voltage efficiency95% coulombic
efficiency at a current density of 200 mAénSulfonated Poly Ether Ether Ketone (SPEEK) is
also a group of potential material for VRFB separator due to its low cost, high chemical and
mechanical stability. Many attempts to optimize SPEEK for VRFB use have been made: Nafion
composite preparation, alternating sulfonation degree, doping/crossliikit§.So far, the
coulombic efficiency and capacity retention after 150 cycles is optimistic: >97% efficiency and
>80% retentiort?!

Silica gel materials are easy to fabricaiad they can be tuned to have a desired mechanical
strength. Inspired by Skyllasazacos ea | patent 6Gelled et®eourt rol yt
group made vanadium batteries usingsdita-g e | component s: gel Acat hc
separatot?* Considering silica gel are electronically insulating, dispersing it in ionically

conducting aqueous solutions (like acidic solutions) would make a potential battery separator.

In this thesis, thdocusis on an alternative for Nafion; one that can offer less electrolyte
crossover. This is done to facilitate the hybrid inorgénicganic RFB configuration in Chapter
5. The studies of the inorganic redagtive species are demonstrated in Chapter 4. The stfdies

the organic redoactive species are demonstratethi first part ofChapter 5.
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Chapter 3. Experimental methods

3.1 Materials preparation

A summary of this section (3.1. Materials preparation) is describ&abie 3.1 below.
3.1.1 Electrode preparation

Carbon felt (CF)s used as thelectrode material throught this entirechapter It was obtained
from the FuelCell StoreDbtainedCF sheetsvere cut intdd cm x 1 cm strips for acid treatment.
The CF was treated before use by immersing in 1 M HN@ 24 hours, then washed with
deionized water and isopropanol and dried at 100 °C in an oven oveFoghhe screening of
materials, he 0.5 cm x 0.5 cnacidtreatedCF pieceswere usedFor thecharacterization of

batteries, the.b cm x 1 cm acidreatedCF pieces were used.
3.1.2 Electrolyte preparation

V205 precursors were purchased in powder form from VWR with a purity of 99.99 % and mesh
22 (particle size of about 1 mm}he aganic active materialsodium anthraquinone,6-
disulforate (AQDS2,6), was purchasedn powder formfrom SigmaAldrich with a purity of
98%and used without further purificatioH.SQs and MSA were purchased from SigiA#drich

with a purity of >99% (HPLC grade) and were used without further purification. HCI was
purchased from Sigmaldrich with a concentration of 37% w/w. Blenized water(DIW) was

obtained from the Corning MegRure D2 MP6A column system

Solutions withMOsas a starting materi al f 109em ehcetrreo | oynt e\
o r 203 Sblution® Multiple electrolyte solutions were prepared withO¢, H.SQi, and HCI

along with MSA additives in which #$Qy concentration was varied by an increment of 0.5 M

from 2 to 5 M. The additive percentages are fixed at 5 % wofvthe total solution; the
concentrations for the additives are 0.61 M and 0.077 M for HCI and MSA, respectively. For
preparing the electrolyte solutionsp,® powder was slowly introduced into the supporting
electrolyte (with and without additives) while stirring at room temperaturesiifnieg was kept

at 1000 rpm for 48 hours after the® was added to the solution. For screening experiments,

the solutions with E5Qys concentration of 3.5 M were selectedg-termterm study of solubility

and electrochemical propertiessor hattery characterization experiments, tliealowing
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composition was used: solutions with® 0.25 M in BhSOQ; 3.5 M + HCI 0.61 M were diluted

four timeswith DIW.

All organic solution materials are preparedheconcentratiomange ofL0 mM to 100mM, with

the supporting electrolytes serving as a @hthorfrom -0.3 ([H"] =2 M, [H2SQy] = 1 M) to 14
([NaOH] or [KOH] = 1 M).Thedifferentsupporting electrolyteused for different pH are: (i) pH
-0.3 and pH 0: HSOy to desired concentration, (ii) pH 1 20hydrosulfatebuffer, (iii) pH 2 to 4:
phosploric acidbuffer, (iv) pH 5 to 7acetate buffer, (v) pH 8 to 11: phosphate buffer, (vi) pH 12
to 14: NaOH or KOH to desired concentrati6ior screening experiments, th® mM solutions
were prepared by slowliytroducing the raw material powder into the supporting while stirring
at room temperaturd-or additive testingexperiments, th&0 mM or 100 mM solutions were
madeusing the above methptowever, in theO0mM solutions, there is 4 %volume/volume
addition of ethylene glycol (EG, purchased from VWRQr battery characterization, the 100
mM solutions with EG after 5 cycles of chatgischarge were used, with the aim of obtaining an

electrolyte in its reduced state (se2.2.3.

For any gefform active materials, the gel was prepared by mixib§o (weight/volume %) of
fumedpowdersilica (Fisher Scientific) with aalectrolyte solution.

3.1.3 Separator preparation

The proton conductindNafion separator, generalgalledd6 Naf i on separ amaonr 6
obtainedn 117 membranérm from the FuelCell StoréNafion 117 means its equivalent weight
was 1100 g and its thickness was 0.007 ifidie pretreatment aduch Nafion separator was
done using previously reported procediife the membrangvas cut into 2 cm x 2 cm squares,
boiledin 3 wt % HO- for an hour, thenminsed and boiledn DI water for awther hour, then
rinsed and boilednh 1 M HxSQ;4 for arother hour, then vacuum dried at53°C for an hour and

used immediately right after.

The novel separatowvas preparedy mixing 15% (weight/volume %) of fumed sili¢&isher
Scientific) with the acid solution 2V H>SQu. The fumed silicawas added gradually with
continuous stirringand the resulting solutionas left overnight to get silicagel.
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Table3.1. Summary of electrolyte solutions with their purposes in this thesis

Purpose Electroactive material Supporting acid Additive
concentration concentration concentration

Screening VO2" 0.5 M (in the initial HSOs 4.0 M None
catholyte form of V205 0.25 M)
Screening VO2" 0.5 M (in the initial HSQ: 3.5M Methanesulfonic acid
catholyte form of V205 0.25 M) (MSA) 0.077 M
Screening VO2" 0.5 M (in the initial HSOs 3.5M HCI 0.61 M
catholyte form of V205 0.25 M)
Screening AQDS 10 mM HSQ: 1.0 M None
anolyte
Screening AQDS 100 mM HSQ: 1.0 M Ethylene glycol (EG)
anolyte 4%volume/volume
Battery VO2" 125mM (in theinitial | H2SQw 1.75 M HCI 0.30 M
assemblyi form of V20s 250 mM)
catholyte
Battery AQDS 100 mM after CP for| H.SQw 1 M Ethylene glycol (EG)
assemblyi 5 cycles 4%volume/volume
anolyte

3.2 Electrochemical characterization

3.2.1 Cell setupand instruments

For the screeningxperiments, a threglectrode cell setup is utilized schematic diagramf
which is shown inFigure3.1. The 0.5 cm x 0.5 cm treaté€fF pieces connected with titanium
wires FuelCell Store)or the glassy carbon electrodes (FuelCell Stare)e used as working
electrodes (WE). The 0.5 x 0.5 cm platinum foils obtained from Théiistter Scientific were
used as counter electrodes (CE). These Pt foils were occasionally cleaned wilsdiNiOns.
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The Ag|AgCI|KCI reference electrodes (RE) were obtained from CHI Instruments. The RE were
periodically calibrated and their saturated KCI solution was regularly changed. Nitrogen

bubblingwasdone on solutions for about five minutes before electrochemical screening.

Workin Reference
electrode - electrode
< Counter
electrode

>

Electrolyte
solution

Figure 3.1. Schematic diagram oftareeelectrode cell setup.

For the battery characterization experimerdsiwo-electrode cell setupvas utilized. The
customizedglass hcell is shownin Figure 3.2 The 1.5 cm x 1 cm treatedF piecesconnected

with titanium wires were used as electrodes. The active materials were put in their respective
chamber (anolyte or catholytd) the separator walNafion, it would be sandwiched between the
necks ofchambers. If the separator wagel, an amount of gel made from 4 mL of liquid

precursors would be filleohto each neck of the two chambers before joining them.

Separator

Electrode Electrode
1 = 2

Electrolyte 1 Electrolyte 2

Clamp

Figure 3.2. Schematic diagram diie design of thi cellused in this thesis
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3.2.2 Electrochemical £reeningof materials

The electrochemical methods used in screening experiments were cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and chronoamperometry (CP). Biologic VSP
300, anelectrochemical testationwas used. All electrochemical screenings were done at room

temperatur@and in three replicas.
3.2.2.1 lonic conductivity measurements of materials

lonic conductivity ) is one of the most important properties to evaluate an electrolyte. The
basic principle is to produce an electric voltage through the measured solution. An electric
current flows whose value depends on the conductivity. Depending on the method or application,
the instrument either maintains the voltage signal constant and records the change in electric

current or maintains the current value constant and evaluates the voltage change.

Conductance (G) is defined as the reciprocal of the electrical resistance (R) of a solution between
two electrodes.The conductometer measures the conductance, d@isglays the reading

converted into conductivity.

"0 % QN 6 & e ¢

where G (Sorq™) is conductance, Ry( is resistance

Cell constant is the ratio of the distance (d) between the electrodes to the area (a) of the
electrods.

Q st
0 7 Qn 6 o oKE £
whereK (cm?) is thecell constanta(cn?) is the geometriarea ofeachelectrodeandd (cm) is
thedistance between the electrodes
Electricity is the flow of electrons indicating that ions in solution will conduct electricity.
I "0 Qn 6 woE ¢
wherea (S/cm) isconductivity G (S) is conductancdrom equation 1, an& (cm?) is thecell

constanfrom equatior.2.

Electrochemical impedance spectroscopy (EIS) is a powerful tool to measure ionic conductivity.

EIS involves subjecting a system to an alternating current sinusoidal signal, which has a wide
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range of frequencies, and then analyzing the sinusoidal response of the system. If one applies
voltage as a signal, potentiosatic EIS, the signhbE an amplitudedand an angular frequency

Y. The output current signal has the same fr.
finite shift in phase angle or phase shifffThe amplitude of the measured output current depends

on the electrochemical system's impedance at a particular freqlidmcyelationships between

E:and b, it and b are shown below:
O OAT100 QR 6 O @&E ¢
Q QAT100 % QR 6 O oé &
In potentiosatic EIS, both the response signahd the applied signali[Ean be expressed as

complex numbers with time:
0O Ao 00n o6 oo ¢
Q QAGE 0% Qn o6 oo &

The relationshinp b e t wWadan/s) aach fragleacy f(Hemze gqguency
cycle/secony is: T ¢ "N owodE € Anal ogous to Oh mobs | aw,
described as

0 0 AT100 . AT1100
0 QRT100 % ~AT100 %

with Zo being the magnitude of Zimilar to Eand {, Z is also a complex number:

) Qn 0 O C@E &

O OAZGR% O 0éEi Wi Q% QOQR 6 O oEE ¢
The practical frequency range in most equipment is 1 MHztdz. which should cover most of

the electrochemical processiesrom rapid (1 / 1IMHz = 18 s) to slow (1 / 8Hz = 10 s &

278h)12%In this thesis, the typical rapid processes happening at high frequencies (1 MHz to 200
kHz) areions aligning and diffusingthrough the Pt electrodes (solution resistance) or ions
diffusing through a cell (solution + separator resistance). At middle frequency rE@&Hz to

1 kHz), the charge transfer process happens on the electrode, as well as the ionic alignment at the
electrode surface creating a capaeliice structure. At low frequencyl00 Hz andbelow), the

diffusion of ions to the bulk solution happens.
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A plot that expresses both the real part (Z06)
plot. The left side of the Nyquist plot shows data from the highest measured fregihencght

side of the Nyquist plot shows data from the low frequency range
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Figure 3.3. Nyquist plots of typical EIS resuitsth different solutions of different
concentrations, showing solution resistange R

Adapted with permission frolyjapazham Vaigunda Suba, P.; Shoaib, M.; Hoang Nguyen, O.;
Karan, K.; Larter, S. R.; Thangadurai, V. AHlel ProtorConducting Batteries with BiOCI and
VOSQ as Active Materials. Batter. Supercaps €202300451.
https://doi.org/10.1002/batt.202300452reative Commons GBY-NC-ND license.

Figure 3.3 shows typical Nyquist plots of impedance spectroscopwy the electrolytesstudied in

this thesisThe xintercept at high frequency data points always resemble the solution resistance:
G = xintercept.Of course, there will always be wires & contacts resistance, and while they
should be significantly lower tharsRhe R obtained from EIS includes them as well.

Because EIS is a powerful technique to measure resistance of multiple processes, it is used with
a lot of purposes in this thesis: to measure solution resistance in active material screening, to
calculate reaction kinetics and double layer thicknesssp#ciesduring electrochemical
reactions, to study conductivity of separators, and to study RFB kinetics and degradaion.
measurement of solution resistance from EIS was explained above. The study of reaction
kinetics, double layer thickness, and RFB parameters will be discussedtion3.2.3 chapters

4&5.
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In the silica gel separator study, conductivity is treatethassolution resistance measurement
mentioned above. Additionally, solution resistance measurements were adodiferent
temperatures. This is done find the activation energy0f the proton conducting process of
thenovel separatantroducedn Chapter 5The Arrhenius equation is used to study E

0O
Iy 6Z'Q(br1—‘TQ.,Y Qn o6 wowWp €
where 8 is the conductivityin equation 3.3 (S/cm)T is the temperaturéK), A is the pre

exponential factor, &s the activation energieV), and k is the Boltzmann constgdiK).

For the ionic conductivity measurement via EIS, a custom cell was assembled by fixing two
parallel, identical pieces of 0.5 x 0.5 cm Pt foils 0.2 cm apart. The cell was calitateialy by

a 1 M KCI solution at roomtemperature and cleansed with HN§blutions. The cell constant
value after calibration is 0.7895 dmwhich is close to the theoretical value%L

T m & (equation 2, distance between two electrodes divided by area of one eledbde).
measurements are done at open circuit voltage (OCV), no polarization, after 3 minutes of steady
OCV measurements (no more than 5% fluctuatidhg frequency range of 200 kHz%0 mHz

(for Vanadium electrolytes) or 1 MHz to 100 mHz (for organic electrolytes) chosen with AC
amplitude of 20 mV. The equivalent circuit models were fitted by the Biologic Efiging
package, the ZView Software (version 4.0), and the P&Bum Analyzer softwardhe results

taken from each of these fitting packages were averaged, as their results were less than 1%
different from each other.

3.2.2.2 Cyclic voltammetry measurements of materials

Cyclic voltammetry (CV) is a popular technigue used to investiglatstrochemical reversibility

of a reaction Within a cycle, voltage applied ontosystem is gradually expanded to a certain
value, then declined to initial or another value under a constant rate of chengeltage. The

plot of the current as a function of the potential, a voltammogram, provides information on the
kinetics of the charge transfer. When the potential is swept toward more positive values, an
oxidation process, involving thgpeciesA, can take place and a positive current is registered
(Figure3.4): AY A* + e. When the potential is swept towards a more negative potential, a
reduction process of the oxidizesheciesA™ can occur and a negative current is registered
(Figure3.4):A*+e Y A
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I (A)

Potential (V) applied vs RE

E (V) vs RE

Figure 3.4. Basic gclic voltammetry schematic diagrams: (a) of the applied potefital &
(initial & backward voltage setting) to-Kforward voltage setting) through scanrate t i me
and (b) of a typical redox reaction.

From (&, 11) to (Ex lox) then (E, 12) on Figure 34(b), the concentration of A decreases, the
concentration of Aincreases; similarly, the concentration ofdecreases and the concentration
of A increases from (E I2) to (Eed lred) and ultimately (g 11). Generally, the average point

Oy QN 6 o ofeE eefers to the equilibrium potential, or when [A] =*JAor

when E = E° &4ccording to the Nernst equation:
o © 'Y"YT 10 YY. 0w QN 6 O B
£ £70 tyqpth 0 @ e

o © r[8ruiw.|. 0w QR 6 & i i
: a0 no wofe s

Equation 3.13b is used at 26, equation 3.13a is universal to any temperatré/ or mV vs

Ere) refers to a potential at an arbitrary point during the CV experim&®tyBr mV vs Eg) is
the formal reaction potential found in textboaksd corresponds to a specific temperature as

well as pH Q is the reaction quotient at the specific time. In this thesis, the general

electrochemistry practice is employed: Q is assumed for an oxidation reaction; therefore Q =

[Ox]/[Red], with [Ox] and [Red] being the concentration of eageciesat the regarded time,

respectively. R, T, F are gas constantsn@!.K?1), Kelvin temperature (K), and Faraday

constant (C.mof), respectively. The parameter n refers to the average number of electron

transfer per mol reactants (depends on the reaction written, in this éage A 1€, n = 1); this
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can differ from the 12 é theoretical number. In this thesis, the focus is on the reaction

reversibility, so n is the average ofkand Req, and is calculated from the Tafel slépe

The Tafel slope refers to the slope of the curve logl = f(E) near the regidyf of EPauilibrium |f

one considers®an anchor, then the potenti al points
overo to achieve a higher concentration of th
E: and E %in the near region vs °®(no more than 0.3 V in this thesis$ called the

6over pot=hi E §dquation 3.14). Typical Tafel slopes of a perfectly symmetrical
reactionis shown inFigure3.5. In figure 35(b), the leftside curve shows the reduction reaction,

andtherighs i de curve shows the oxidation. A reacti

mathematically defined a&a € n-Q Qn 6 o oo because

Esi1 Eo can be calculated from equation 3.33lolare the ypoints at the top and bottom of slope
height, respectively. £and B are the xpoints at the left and right sides of slope width,
respectivelyFrom equation 3.13 to 3.15, we have:

€ '@Ga € QO,

YO e QQTEgE a0 wome e

From thermodynamicshe equilibrium constant K is defined as

30 30

, WO o
0 AP —, Q6 GoMEpOIT D v,

vy QN 6 O oMpE
with K being the r eac’beingthestangardsibbs foee eénargy ofdchen st a n
reaction From Far aday®sazlOaiwQ®obedd s & @ o, with z

being the formal charge. FromAr r heni us o | aw of reacti or
i QOwd Q&R 6 Qa Qi zAB® — "ZFADTD— QA 6 O oMW awith E

= gi3° being the assumption that a thermodynamic Gibbs free energy is the amount of energy
needed to fAactivateo the reaction, and k bein
preexponential element in the Arrhenius equatiéh.an arbitrary point on slope (1), the
activation energy shouldbe &8 &A@z Fd (equation 3.20) because
from overpotential)Uis the symmetry element (explained beloflom equation 3.17 to 20,

we can infer thatd € "QO— Q1 0 © @&p. This is the Tafel equatioNow, rewriting
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equation  3.16, we have: "Ya £€q) Q-2 ¢ 3 z

3 Qo0 Ow&E § because of equation 3 pBFbzF)& equa

Similarly, Y& € gy Q—— Q1 6 & @EE. &

(a) ) (b) | | |§0
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Figure 3.5. Simulated results of a symmetric reaction system (simulation inb&t:CED36 V,
U= 0.5, k = 10* m/s). (a) The-E result, (b) Tafel plot of the reaction.

From equations 3.22 and 3. 23, i t-sloge2,saandrthe | e t o
reaction is symmetrical. Wh méngonetd hbevethmie islthe ma t i ¢
physical m &lencomnmn dleotroctiémistry reaction pathway was explained in

Chapter 2, section 2.1Ghargetransfer processegesistanceoverpotential There is a diffusion

process of electroactive materials from the bulk solution to the electrode surface, there is an
electron transfer process on the electrode surface, and there is the diffusion of the newly formed
speciedo the bulk. If the electron transfer process is the-datermining process of the three,

then it is save to conclude that U measures
every U rmoohsureet ia the redaation reaction, thereis 1) mo | el ectrons

in the oxidation reactioft®

When one evaluates if an electrochemistry system is reversible, a more systeamaigork
should be used. While symmetry U is siomke key p
into considerationFor example how much energy (in the form of voltage polarization) does it
take for a reaction to Abe swepto both the ox
fast the oxidation process is in comparison to the reduction. These key parameters are mentioned

in Wanget al?’ This thesis follows a reversibility evaluation framework built on Wangland
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other common electrochemistry practf®sthe description is inTable 3.2 below The
electrochemical reversibility of a system also depends on the eydi¢ t a mmet r ¥/ scan

In this thesis, the scan rate used for reversibility evaluatasn1l0 mV/s.

Table3.2. Framework for the studies of different electrochemistry reaction kinetics.

Pk (V)= | lodlred | Reaction Diffusion Reaction rate
Eox - Ered rate coefficient D constant k
constant (cm?/s) determination
k (cm/s) determination
Reversible |O 0. 31O 0.|O0 0. 1 Graphlvs'? Ultramicroelectrode
Ccv
Quask O 0.27170 0./0. 1 3 Rotating diskl Nicholson or EIS
reversible 10° electrode CV| method
method or
chronoamperometr
Asymmetric | - i1.5 kox / kred | Rotating disk EIS method
0.5 I 1. Q electrode CV
method or
chronoamperometr
Irreversible | > 0.2*n O 0.|<10° Graph | vs3!/? PseudeTafel graph
or EIS method

The systems this thesis deal wibdelong to one of the following caseguasireversible,
asymmetric,or irreversible. T h e  f g r a'fohmettodirv the irreversible casetilizes a
modified version of th&®andlesSevcik equation?’
Ya e nQ
ydoepmze 2| 2 020

QR 6 O @EE &

with sl ope bei ng 3'fgraph, s baing the nombertofhekectréng transterred
reaction,Ubeing the charge transfer coefficient, A &rbeing thegeometric electrode area, and

C (mol/cn?) being the solution bulk concentration.

The chronoamperometry method of determining D is discussed in s8@i@rBbelow.The EIS
method is discussed in Chapter 4 and se@iar8

LWhen we look agquation 3.13fwe see that at a high potential point=F° % 0.059/n at logQ = 10, or [Ox] =
10*[Red]. Suppose it takes more than the theoretical voltage polarization to form the osidezeels or @E above
that threshold. In that cagbe system is no long@teal,and resistance has to be taken into consideration.
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In order to compare the electrochemical stability of many solutions, the onset potential of
oxidation or reduction process are determined at a specific current value. The standard value of
current used to evaluatehen a reaction happersat leastlO-times as much as the number of
background currentor the CV, the threelectrode system were employed, WEF, CET Pt

foil, RET Ag|AgCI|KCI at a scan rate of 1 to 50 mV/s.

3.2.2.3 Chronoamperometric measurements of materials

Chronoamperometr (CA) is a technique used tstudy the kinetics of theelectron transfer
process on the electrolyte | electrode surfacd the diffusion of chargecarrying ions in a
solution when potential bias is applied to an electrode that is dipped .intbist technique
includes applying a certain potential, usually above the threshold to fe&dtaEsystem, for a
certain amount of short time (less than 3 minutes in this th@sis)reaction model is built on

the typical chemicatlectrochemicathemical reaction modeivhich wasdescribed inFigure

2.7. When this potential is applied, the electroactpeciesn the bulk solution migrate to the
electrode surface, react, generate anathecieshrough OX* + ne A Red (but the reverse can

also be true Red, Ox™ + ne). As a result of this conversion, the oxidized form's concentration
adjacent to the electrode is reduced to zero, creating a concentration gradient. The oxidized form
from the bulk solution must then diffuse to the electrode surface, where it is immediately
converted to the reduced form. The longer the electrode remains at this reduced potential, the
larger the region depleted of the oxidized form becomes. A similar gradient exists for the reduced
form, which can diffuse away from the electrode surface and reach deeper into the bulk solution
over time.Figure 3.6 describes thexperimental voltage applied vs timega®). and the resulting

concentration gradient @).
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Figure 3.6. Schematic diagram of chronoamperometry: (a) voltage applied, (b) modelled
concentration gradientNote: b: time voltage started being applied g t> < ta: time applied
voltage being hold for.
Figure taken from fia) Chronoamperometry. o (2
Library. https://chem.libretexts.org/@go/page/613The figure is shared under a creative
common licens€C B¥NC-SA 4.0

The Cotrell equation igenerallyused to calculate diffusion coefficient ofspeciesfrom the
current decay raté.
EodMo o, L,
—— Qn 0 0 @6 £
M“ o
In the specific systems of this thesis, tB€ electrode is used in CA experiments. Because the
glassy carbon (GC) electrode an unshielded planar electrode, the equation above needs to be
modified!?® Yap and Doane proposed a new equation, taken into the effects of lateral diffusion:
128
. wx & 0B VO Y (o)s)
Q/| z

© T POy

QN o6 0 oX £

With 1t (A) being the current, t (S) being the measured time(n®l/cni®) being the initial
concentration in the bulk solution, @n{%/s) being thechargec a r r y i fogic diffusions 6
coefficient, R being the radius of the electrode (0.071fomGC) and the empirical constant b

has a value of approximately 2.
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The cell setup for CA experiment is identical to the cell setup for CV, only switching CF with
GC. The potential scanned to was 0.6 V vs Ag|AgCl, the time hold was 50s, and the rest time
was 10s.

3.2.2.4 Chargedischarge tests of halfell reactions

A half-cell reaction, in this thesis, is defined as a reaction happening in one part of a RFB
(catholyte or anolyte); hence, a halfe | | has the electrolyte and el
(positive or negative) and a reference other halually Pt in an acid solution, with a water
splitting reaction (a welknown reaction). While CV and CA give some detaitsthe reaction
reversibility, Kinetics, and adsorption, t he
and take is galvanostatic charge & discharge (CDC). This technique involves applying a constant
charging current until a maximum potential is reached, followed by application of an equal
magnitude discharge current to a minimum potential. The potential is monitored as a function of
time. A constant current is used this method rather than a constant voltage sweep rate as in

CV, galvanostatic charge/discharge tests may more accurately reflect real world perfoAnance.
typical CDC schematic diagram for a cell (hedfl or full cell) is shown inFigure3.7. In Figure

3.7b, the upward plateau is the charging plateau, and the downward plateau is the discharging

one.

(@ | (b) |

Current applied
Voltage

Capacity

Time

Figure 3.7. Typical schematic diagram of (a) the current applied in CDC, and (b) the voltage
profile results.
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For the chargelischarge experimentghronopotentiometry (CP) technique was used. CP
measurements were performed on a cell identical to the CV cell setup. A constant current of 2.5

mA/cn? for charge and2.5 mA/cnft for discharge was applied to all cells for 10 hours.
3.2.3 Battery characterization

A cell, a full cell, or a battery, in this thesis refers to an electrochemical system that has a positive
tank and a negative tank. Both tanks are connected respectively to their CF electrodes that are
connected to the external circuit. The separation between the tanks is done through either a
Nafion membrane, or a gel separator at the neck of #bell.hAt each tank, or electrode
electrolyte surface, there is an electrochemical reaction. This thesis deals withthe WID?*

reaction at the positive tank and the AQDPS AQDSH: at the negative tanK.he reason why
half-cell reaction studies were done is to study a realistic expected voltagefuibrcall. A

schematidigure is shown irFigure3.8a.

Two battery characterization techniques used intki@sis are CDC and EI$he CDCis done at
various current conditions, from 0.1 mA to 10 ped the maximum time fagach charge or
discharge process allowed is 12 houh battery performance parameters mentiomedhis
thesiscan be calculated from CDC results. Thgure3.8b below shows a CDC schematic result
of the cells in this thesisThe other parameters regarding polarization lgsse®swvn inFigure

3.8c, can be calculated from comparing CDC results with EIS results.

T1i(c) Cell potential
----- Theoretical
(a) Half-cells s (b) Full cell =
¥ 1
g 2 5
s 3 | g
g —
w 2 8 Overpotential
Q
Ecell. expected
Discharge
Capacity (Ah/L) Capacity (Ah/L) Time (h)

Figure 3.8. Schematic results of CDC of (a) two separate half cellgr{)ull cell, and (c) one
full cell with losses identified.iR internal resistance, overpotential & losses were discussed in
chapter 2.

The EIS is done on the cell at OCV, either at pristine condition or after CDC for a number of
cycles. The EIS is always carried out after at least 10 minutes of stable OCV recoding.

frequency range of 1 MHz to 50 mHz was chosen with AC amplitude of 20EauMvalent
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circuits are employed to fit the obtained EIS results, using these elements: resistor R, capacitor

C, and Warburg diffusion element Whese models are built on the knowledge of the electrode |
electrolyte interphase discussed in Chapter 2, segtib@ Aresistob s E | S agoirg ona | i s
the Nyquist plot; the physical meaning is an element that allows electron transfer thraigh it.

is the resistance of either the internal componentspriRthe charge transfer resistance during
polarizationin Chapter 2, sectio?.1.2 A capacitodb s E | S snromlinearl curvie;sthe a

physical meaning is an element that representsfarawlic (no electron transfebehavioras a

surfacel the most common phenomena is the double layer region near an electrode in a solvent.

A Warburg diffusion element is nothing but a RC element witi tangentZ 60 / Z6) angl es ;
physical meaning is an element that represents the diffusion from the double layer to the bulk
region. The difference between the types of Warburg elements is due to the different diffusion
behavior of electrolytes from the double layer region to bulk. Typicallyindicates a semi

infinite diffusion behavior (equally free on both space and length vectors), whileditates a
finite-length diffusion behaviorEvery fiprocesso that gener at es
signal(s) has atime constdit (s) and can be foundifRC).h equi v
of the diffusion process is in the order of secondsch translates to a Debye length ofi3000

nm.*?° From the diffusion coefficient of the chargarrying ion and the diffusion time constant

of the same ion, the Debye length Ilof the diffusion layer can be calculated

B * D = 1%.2%° Figure 3.9 shows the typical Nyquist plots observed faif cells and full cells

after CDC in this thesis.

o Typel
o Type?2
A Type 3
— Fittype 1 B
— Fittype 2 Type 1
py —— Fit type 3 Rs
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ﬁ‘gég’/ ’ s oS
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Figure 3.9. Nyquist plots of cells obtained in this thesis: (a) with three types of equivalent circuit
fitting and (b) with attribution to each element in the circuit.
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3.3 Materials physical characterization

3.3.1 Electrode characterizationi SEM

The scanning electron microscope (SEM) issafultechnique in surface imaging, especially of
electrode materials. The SEM works by focusing a beam of electrons (primary beam) onto a
sample surface and then detecting and analyzing the secondary electrons to create an image of
the sample.

In this thesis, the morphology of the treateH was imaged using SEMurface analysisThe
instrument used washermoFisher Scientific Phenom G6 Ptbe instrument belongs to the

Department of Geosciendeéaculty of Science, University of Calgary
3.3.2 Electrode characterizationi ex-situ Raman spectroscopy

Raman spectroscogudies the vibrational modes of molecules. A monochromatic, high
intensity ray in thenfraredor visible range excites a sample, and the scattered light is measured.
The inelastic scattering (secondary frequency differs from primary frequency) phenomena are
Raman scattering signalBhe difference in frequency, or energy, betw#enprimary light and
scattered light is due to the change in the rotational and vibrational energy of the analyte

molecule.

In this thesis, Raman spectroscopy is used to study the different vibrational medesdiim
electrolytes during half cell CDC. The use of Raman as a probing tool for chemical environment
surrounding the V& & VO?* ions is widely adapted in literatu?®31-132To study the reaction
pathway, the CF electrode during CDC is measured instead of the bulk solitemrarbon
electrodes were taken from the cell at 50% state of discharge at the third cycle of charge
discharge experiments, washed in ethanol once, and vacuum dried@tf@02 hours before
Raman spectra measuremeAt$ioriba XploRA PLUS Raman Microscopeas used for Raman
measurements; the instrument belongs to the Department of Geoscience, Faculty of Science,
University of Calgary The laser wavelength was 532 nm, and the scanning range was 400
2000 cmt. All signals were normalized by thexlgeplane graphitepeak at 1350 crh and the

range of interest (600 1250 cm') signals were also normalized by the HS&ymmetric

stretching signal at 1040 crh Another measurement of pristin@F (went through acid
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pretreatmentbut no electrochemical experiments) was also done at thiz 2000 cm' range to

study thegraphitepeaks at aroundsD0 cm’.
3.3.3 Electrolyte characterizationi ex-situ ultraviolet/visible spectrophotometry

UV-Vis spectrophotometry is a simple yet effective tool to identify diffespetiesn a solution,

and quantify themWhen a sample is subjected to a photon ray in thel IHD0nm range, the
sample mol ecul eds electrons eit theexcitallstatmorbs t h
does not absorb if the wavelength is longer (energy is lower than required for eaasifyor).

By shining different wavelengths to a sample and measuring the amount of light lost, one can
identify how much light is absorbed (for an enetgnsitior) at eachwavelength andjraph a
spectrum.In aqueous solutions, the absorption signals are usually broad due to multiple
vibrational and, possibly, rotational energy levels.

The inorganic complexesf vanadiumhave discernably different colofgue to theirligand
metal charge transfer bandand absorbance strength at different oxidation states, making
qualitative & semiquantitative determination of a newly formegeciesstraightforward®
Especially between V£ and VG in acidic mediumwhen VQ* - yellow colori hasan intense
absorptionbandat around325 nm and V3" - blue colori has a medium absorptidrand at
around 765 nni®

The organic chromophore AQDS has some sudgkrtral differencebetween its oxidized and
reduced form mainly due to the different conjugation chain lengths throughout the molecule.
That is because a quinone compound is-kmedtlwn for its conjugation causing different s
absorption behavide® There are multiple peaks in the spectra of AQDS due to the different
energy jumps: from a nelponding molecular orbital (MO) to aantrbondingMO (nA ~ *&§
frombandi ng MO-btoomdangA MAWiFigure 3.10 shows the UWis
spectrum of AQDS with the energy level correlated to each (Bato (3) The attribution of

each peak is discussed in Chapter 5.
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Figure 3.10. The UWVis absorbance spectrum of pristine AQDS with patkibuted.Peaks (1)
and (2) are &t't*r iebnuvetregdy tjou ntplse ‘and” { 3é¢nemsgwntt
jump.

The UMVVis measurements were carriedt at room temperature, using an Agilent 60-Ug
instrument The scan rate was fixed HI0O nm/s. The background scan was done on the solutions
of HoSQy and/or HCI and MSA. A quartz cuvette with a light path length of 1 cm was used as
sample holderThe samples armeasuredt pristine states, 50% staiécharge, 50% statef-
discharge, fully charged, and fully discharged states. At each staté, @dfOeach electrolyte is
taken out from the cell and diluted to the quantitative range 6f1Z®eM with DIW.

3.4 Error consideration

1 In the electrochemistry screening of materials stage, the result®racediffusion
coefficient of chargecarrying ionsD, kinetic rate constanof the electron transfer
reactionk, and exchange current dengigyBased on equations 3.24, 3.25, andb3tBe
relationship between the calculated data (x) and the source data is
multiplication/divisiort** from electrochemistryelated raw data, electrode area data, and
solution concentration datéhe general error propagation equation for thebelsw.

W YQOUD@®d w 0 a a W Y

(equation 3.9)
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with Uinstument cOmes fromthe electrochemistry signal dat@voltage, current or
resistanceobtained from the instrument. Tetandard deviation betwedénree replicated
measurements iground 5.7%, for example, a solution resistance measurement result is
1. 692 N THs.isthigher tign the Biologic instrument error of 0.1%, therefore, the
instrument error is ignoredrhe Ucaiver cOmes from thedigital caliper (VWR®Digital

Calipers) used to measure the dimension of electretieeh is accurate with an error

limit of ©  0.03 mm. Thélbaancecomes from thanalytical balancewhich has an error

limit of © 0.0001 g.The Uchemical cOmes from thechemicalsobtained and has 0.1%

fierror so €OW® puredhe bg:icomgs from theipets usedwhich have an

error limit of° 0.01 mL.The (r comes from théaboratory temperature read from the
thermostats fluctuate at 252 °C.

In the battery characterization stage, the results are cell capacity and resistance
parameters. The general error propagation equation for them is below.

W O QwIaE O NWODO ©

(equation 30)
with the electrochemistry signal data being capacity obtained from the instrument.
Other sources of unquangfi errors can come from the UVis, Raman and NMR
measuremenisReplicas havex 0.5% difference irabsorbance wavelength or Raman
shift.
Other random errors could come from the deviated surface of the CF electrodes, the
surface quality of the GC electrode (polished by alumina powder slurry in water on
carbon cloth for 5 minutes before each ruamdthe errors while preparing pH buffer

solutions.
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Chapter 4. Vanadium electrolyte study in the presence of small

molecule additives

The content in this chapter is reproduced fromahenraccespublished work Nguyen, O. H.,
lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. (2023). Investigating the electro
kinetics and longerm solubility of vanadium electrolyte in the presence of inorganic additives.
Journal of The Electrochemical Society((11), 110523. doi:10.1149/1944.11/ad0a75

RE: Ag|AgCI|KCI saturated
CE: Pt
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Figure4.1. Schematic diagram of this chaptE¥/Ox(H20)4] * studies of bulk conductivity and
charge transfer reactigrwith the reactant mediate §@s]°".

N

4.1 Introduction

VRFBs tend to lose vanadium from electrolyte solutions due to the precipitatiopQafdviring
charging, resulting in a significant loss of energy density. We monitored the solubility and
electrochemical characteristics of vanadium electrolyte solutions wis & the starting
material in the presence of different additives, namely HCI and MSA (methanesulfonic acid), for
over three months. On average, the ionic conductivity of solutions with additived0f&s

higher than that of without additives. Additives also improved the electrochemical performance
and lowered charge transfer resistance. UV/Vis and Raman spectroscopy were utilized, and a

reaction mechanism responsible for improved conductivity and kinetics was proposed.
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4.2 Results and Discussion

4.2.1 Solubility of vanadium pentoxide solutions

Saturated electrolyte solutions with varying concentration g8Qdwere prepared at room
temperature and as shown in Table 4.1, solubility gDs\Wncreaseswith the increag of the
sulfuric acid concentration. With the objective of finding a low sulfuric acid concentration, we
studied the K504 concentration below 5 M. The solutions with additives can maintain a 0.25 M
solubility of V205 in 3 M HSQu, while the solution without additives needs 4.0 M eSBu to
reach 0.25 M solubility of ¥Os. To avoid accidental precipitation, we chose the 3.5 M (instead
of 3.0 M) concentration of #$Q in the presence of additives and 4.0 W5 in the absence of
additives with 0.25 M YOsto further study the diffusion coefficient and electrochemical
kinetics. Figure 4.2 shows the solubility curve of X0s dissolved in HSQ; with and without
additives in the temperature range 11L@5 °C. It is noteworthy that in the solutions without
additives, \Os started to precipitate out aftday 101. The precipitation is either observed by a
cloudy appearance or solid particles at the bottom of the flask.

Table4.1. Solubility of ¥Os in HoSQs in the absence and presence of supporting electrolytes

DissolvedV:0s concentration
No additives MSA (5 %Volume, HCI (5 %Volume,
0.077 M) 0.61 M)

H2SQu 2.5 M <0.2M 0.20 M 0.20 M
H2SQu 3.0 M <0.2M 0.25 M 0.25M
HSQu 3.5 M 0.25M >0.25 M >0.25 M
H2SQu 4.0 M 0.25M >0.25 M >0.25 M
HSQ1 4.5 M >0.25 M >0.25 M >0.25 M

From this point onward, the "blank" solution refers to the 0.25J0s\8olutiondissolvedin 4.0
M H2SOQrand no other additiveshe "MSA" solution refers to the 0.25 M5 solution in 3.5 M
H>SOs + 0.077 M MSA, and the "HCI" solution refers to the 0.25 MO¥solution in 3.5 M
H.SOQy + 0.61 M HCI.
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Figure 4.2. Solubility curves of dissolved®s in different acid solutions

4.2.2 Solution resistance of 0.25 M YOs electrolytes

The EIS spectra of 205 electrolyte solutions on day 1, 20, 70 and 100péoéed in Figure 4.

Spectra were measured on every other day; however only selected spectra are shown. The change

in resistance of electrolytes over 100 days, calculated from EIS spectra is shélgarav 4.

There are prominent changes in the resistance vatigag¢ 44a) in thefirst 20 daysand then it

starts to stabilize. The average solution resistance of the electrolyte with no additive is 1.692 *
0.097 aq, the electrolyte with MSA additive i
additve is 1.484 N 0.057 gq. Solutions with addi:t
without additives: the average resistance of the blank solution is 10% higher than that of the ones
with additive. The average ionic conductivity
using the expression 0 = cell const athose / sol
reported inliterature?®'%® The average ionic conductivity of electrolytes with additives is 524

mS/cm, more than 50 mS/cm or 12% higher than that of the blank solution. From day 15 to 70,
solution resistance starts to stabilize, and most data points fluctuated only around 5% of the total
average value. The solution resistance trend of MSA and blank solutions are similar, while HCI
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solutions had a different pattern. Studenttest (done using Microsoft Excel statistical
packages) confirmed that the conductivity of each electrolyte solution is statistically different

from one another with a confidence of 99%.

The chargdransfer resistance of the blank solutioekown in Figure 4.4ktends to fluctuate
around 13 kq, while that of the HCI solutions

day 20 it starts to increase and reaches arou
of MSA decreases drastically, from over 50 kq
3 25
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Figure 4.3. EIS spectra of 0.5 M2®s solutions with and without additives observed at (a) day 1,
(b) day 20, (c) day 70 and (d) day 100.

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.
(2023). Investigating the electionetics and longerm solubility of vanadium electrolyte in the
presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/19457111/ad0a75. Creative commbecense
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of 0.25 M \Os electrolyte solutions (with and without additives).

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.

(2023). Investigating the electionetics and longerm solubility of vanadium electrolyte in the

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/1945/111/ad0a75. Creative commbecense

4.2.3 Electrochemical characteristics of 0.25 M YOs electrolytes

The CV measurements of all three electrolyte solutions at day 1 and day 100 are pkigackin

45 (a) and (b),respectively, showing that blank solution offers poor reversibility and lower

current density on day 1 and day 100.
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Figure 4.5. Cyclic voltammogram of 0.25 M@ electrolytes without additives and with
different additives at a scan rate of 5 sn (a) day 1 and (b) day 100.

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.
(2023). Investigating the electionetics and longerm solubility of vanadium electrolyte in the
presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/1945/111/ad0a75. Creative commbecense

The equations used for determining the diffusion coefficient and reaction kinetics was adopted
from the Buriak grouf’, using the assumption fronprevious Vanadium electrolyte
electrochemical studi&¥13’

YaENEBO Q' 8 e cB@p T 8608 ONn 6 Hage ¢

wi t h—b——= (we used 170), C is the bulk concentration (0.5 mol/L or%.10

mol/cm? V®%), and D is the diffusion coefficient of chargarrying ions (crf’s).
-

- .0
| @& X'R0 Q6= O

[ (0 Yy O 0Onowa&e ¢

with ipc (Or ipa Similar) being the current peak from CV, A being the geometric argaFof
electrode (crf), C being the bullconcentration (0.5 mol/L ¥) U is estimpmated
(or B.5 similar) being the peak potential from C\ lgeing the formal standard potential from
chemical handbook&:'*° F, R, and T are Faraday constant, gas constant, and Kelvin
temperature, respectively. By plottinigiQ; vs Oy 'O and finding the yintercept, the

kinetic parameter k can be calculated.
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Figure 4.6. (a) Current density vs scaate plots and (b) Pseudo Tafel graph of natural log of |
vs (B3 E° of 0.25 M VOs electrolyte solutions (with and without additives) on day 1.

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.
(2023). Investigating the electionetics and longerm solubility of vanadium electrolyte in the
presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/1945/111/ad0a75. Creative commbecense

Similar to the solution resistance data, the diffusion and reaction kinetics trends also show a
significant improvement from blank solutions to solutions with additives. These trends can be
observed inFigures 46 and 47. The slopes in Figures 6fa) and 4/(a), that are directly
proportionate to the diffusion coefficients (equation 4.1), show a significant increase of slope
from blank to MSAadditive solution, then to H&ldditive solution. The yntercepts inFigure

4.6(b) and4.7(b), which are directly proportionate to the reaction kinetics (equation 4.2), also
show an increase in intercept going from blank to solutions with additive. Interestingly, the
overpotential values shown on theaxes ofFigures 4.6(b) and4.7(b) show the overpotential

val wew> Mh> He same as the solution resistance trend showfigares 43 and 44:

Rs,blank> Rsmsa> Rs neiboth in day 1 and 100.
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Figure 4.7. (a) Current density vs scan rate plots andRbgudo Tafel graph of natural log of |
vs (B8 E° of 0.25 M VOs electrolyte solutions (with and without additives) on day 100.

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.
(2023). Investigating the electionetics and longerm solubility of vanadium electrolyte in the
presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/1945/111/ad0a75. Creative commbecense

To validate the diffusion coefficients and reaction kinetics calculated from CV, EIS
measurements were taken. Figudesand 49 show the EIS spectra of the carbon Wkhere

the chargdransfer process happened during CV, platinum CEicbkfore and after CV. The

EIS spectra before CV were used to calculate the diffusion coefficients to reflect the diffusion
coefficients of the pristine, unpolarized solutio&sjuations4.3 1 45 were used for diffusion
coefficient calculations from EIS dat¥:1*8The EIS spectra after CV were used to calculate the
electrochemical reaction rate constants to study the kinetics of solutions undergoirg zhe V
V4 reaction. Equationg.6 and4.7 below were used to calculate the electrochemical reaction
rate from EIS data.

6 —2 ohoGame
MC z ”
where Wt being the Warburg fitting result from ZView, ar w from EISAnalyzer and

Ow being the Warburg coefficient.

HCI solutions offered faster kinetics and more typical Warburg diffusion behavior. Its diffusion
coefficient calculations from EIS were done by fitting a Warburg short element in the impedance

spectra of systems before (Wie MSA and blank solutions offered slower kinetics and their EIS
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spectra can be fitted with the Warburg short element after CV, while in EIS spectra measured
before CV the semicircle RC was a better fit. To justify the fitting practices, Letuaatudied

multiple EIS models of V&/VO?* charge transfer systems and concluded that the redox couples

with low rate constant (in the magnitude ofl®Om/ s) tend t o h a\smecie®or e Or
within the double layer region, yielding in a more typical diffusion layer capacitance
(semicircle)t* In the case of no Warburg element, equatiadst44.5 were used to validate the

diffusion coefficients of MSA anblank systems3®

8005 — OR 6 Oa’E &

Yy P p e e
= —= — Oon 6 wafme ¢
Ool g O zw O zZw

while CPE=si ndi cates the capacitance fitting of t
spectra when the angle is forced af,4& n = 0.5, R being the gas constant, T being the
temperature in Kelvin, F being the Faraday constant, A being the geometric area of the carbon
electrode, B, Dres, Cox, and Ged being the diffusion coefficients and bulk concentration of the
oxidized and reducedpecies respectively. The concentrations of each reduced or oxidized
specieswere calculated from the OCV before EIS measurements by using the Nernst equation.

By plugging Dx and Deq obtained from CV into equatiors3 1 4.5 and comparing theesulted

Wst or CPE=05With the EIS results, one can calculate the reciprocity and hence concentrations.

The reaction kinetic k can also be calculated from impedance data. The exchange current density
io as well as reaction kinetics k were calculated frosrbR using equationd.6 and4.7.14° The
chargetransfer resistance calculation is done through equivalent circuit fitting of the solution
after 20 cycles of CV measurement shown in Figub) and4.9(b).

Q" On 6 Hame &
oY n

" Q L e e s
Q — - OnNowade ¢
@ ;50 5o

whered  ; andd | j are the equilibrium concentration (mol/§nat the electrode surface

of the oxidized and reducegpeciesrespectively. These values are calculated to be 20% of the
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bulk concentration, the exact concentrations of each reduced or oxsgheei@svere calculated

from the OCV before EIS measurements.

The R and R of the solutions after CV are lower than those of the solutions before CV as

shown in Figure 8 for dayoneand Figure 4@ for day 100 This is due to the better wetting of

the graphite felt electrode and the increase‘inspeciesat the surface of the carbon electrode in
the bulk solution after CV, aiding the charge transfer prot¢és&
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Figure 4.8. The EIS spectra of 0.25 M@% electrolytes with and without additives (a) day 1
before CV, (b) day 1 after CV

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.

(2023). Investigating the electionetics and longerm solubility of vanadium electrolyte in the

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/1945/111/ad0a75. Creative commbecense

The overall B, Ret, and W-r values of electrolyte solutions with additive are lower than that of

the blank solution, indicating the enhanced charge transfer and mass transfer processes in the

presence of HCI and MSA additivdsis important to note that all the mass transfer semicircles

have lower diameter than the charge transfer ones, or the charge transfer process has a larger

resistance than the mass transfer process. Therefore, it is thmitag process.
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Figure 4.9. The EIS spectra of 0.25 M@k electrolytes with and without additives (c) day 100
before CV and (d) day 100 after CV measurements.

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.
(2023). Investigating the electionetics and longerm solubility of vanadium electrolyte in the
presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/1945/111/ad0a75. Creative commbecense

Figure4.10 summarizes the diffusion coefficient D values and kinetic rate constant k values
calculated both from CV and EIS. While the values differ arountd72%between two methods,

the trend is similar in all solutions.
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Figure 4.10. Average (a) diffusion coefficient and (b) kinetic rates of 0.25®% Solutions (with
and without additives) from day 1 to day 100.

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.
(2023). Investigating the electionetics and longerm solubility of vanadium electrolyte in the
presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/1945/111/ad0a75. Creative commbecense

To further understand how reaction kinetics affect the battery performhalteell charge
discharge experimentsere conducted. ie charge discharge curves are shown in Figurk 4.1
Electrochemical reactions take place at above 1 V vs Ag|AgCI|KCI, which is consistent with the
CV measurements. The chamgiecharge measurements of all the electrolyséew an
overpotential (harg® Vdischargd Of less than 0.05 V throughout the observed period of 298 d

As expected, electrolyte with HCI additiveemonstrated a lower overpotential of 0.025 V
compared to the blank solution (0.04 V). The MSA electrolyte offered slightly lower
overpotential of 0.038 V compared to the blank solution indicating that MSA does not actually

change the redox reaction mechanism, but rather enhances the kinetics.
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Figure 4.11. Chargedischarge curves of 0.25 M@k electrolytes (with and without additives)
using a current density of 2.5 mAfcat (a) day 1 and (b) day 100.

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.
(2023). Investigating the electionetics and longerm solubility of vanadium electrolyte in the
presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/1945/111/ad0a75. Creative commbecense

4.2.4 UVivis spectra of 0.25 M \{Os electrolytes

The U\Vis spectra of vanadium electrolytes in3@ have been previously reported, and the
characteristic absorbance peaks of each oxidation state of vanadium are welPkHé¥WRThe
VO?* (V#) absorbs lightn the 7507 780 nm wavelength regipminiquely to its counterpart
VO2+ (V) ion 96143145 g0 the presence of such peak in the;V(¥°*) electrolyte would
indicate that the additive has reduced the electrolyte from" ¥®VCO?* (from V°* to V*).
Figure4.12a) shows the %Os electrolytes spectra in the ¥Oabsorption regiomf 6507 900
nm.A small peakat 770 nmis observed in the electrolyte with HCI additive, while the blank and
MSA-additive \.Os electrolyte does not show VYO(V#") signal From this observation, under
experimentalconditions, only HCI (not MSA) reduced \Oin the electrolyte to V&' in a

measurable manner.
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Figure4.12. (a) UM vis spectra of 0.25 M2®s electrolytesvith and without additivegb)
calibration curve of mixed valence Vanadium electrolytiéls and without additives

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.
(2023). Investigating the electionetics and longerm solubility of vanadium electrolyte in the
presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/1945/111/ad0a75. Creative commbecense

By intentionally mixing VOs and VOSQ solutions at different ratios, a calibration curve to
quantify the amount of ¥ reduced to ¥ by HCI can be obtained.hiis calibration curve is
shown in Figure 11(b). From the day 100 absorbance data shown in 4igiXe) and the

calibration curve shown in Figu#e12b), one can calculate the concentration 6f produced
by the HCladditive to be:
i £¢1 OOEMD'R
TBICT WLTBIC T (og
ANOAGHT 1
Approximately 3.0% of V" was reduced by HCI to 47 after 100 days. There is a slight
difference in the absorbance wavelength between the electrolytes with additive (770 nm) and

p ®a b

Bx b
omao X

a0 O b6

W ;

intentionally mixedvalence electrolytes (765 nm). This could be due to the stabilizing of the

VO_" ions when there is mores8" in the solution; the additives slowly increase the stability of

VO_2" ions.
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4.2.5 Raman spectra of electrodes after chargdischarge of 0.25 M

V205 electrolytes
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Figure 4.13. Raman spectra of different®s electrolytes (with and without additives) at 50%
discharge capacity: (a) day 1, (b) day 100.

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.
(2023). Investigating the electianetics and longerm solubility of vanadium electrolyte in the
presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/1945/111/ad0a75. Creative commbeense

To study the vibrational groups surrounding the vanadium ions and presence of intermediate
electrochemical reaction products formed by charge discharge measurements, Raman
spectroscopy of carbon electrodes at 50% state of discharge was measured. The Raman spectra
of electrolytes, shown in Figure13 have characteristic peaks of théfuric acid and vanadium

species in majority of the specita*®

T 3symmetric(SQs) in HSOy at 6031 628 cmt
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T 3asymmeric(VT O) of VO," at around 894 915 cm*

T 3symmetic(Vi O) of VO;* at around 930 937 cm*

T 3stretchingV=0 of VO?* at 978i 1040 cm'

1 BasymmetricVi O V of [V203]%* at 780i 810 cm?

The general trend after 100 days, showkigure4.13Db) is the decrease in Raman shift far V
Oi V (7801 810 cm) and the increase in Raman shift for the V=0 in?V(@781 1040 cm').
These Raman spectroscopy measurements not only confirm the presence’ g% the
formation of V&* (V#') but also indicated the presence of the intermedia$®q¥" during
discharge. The MSA electrolyte tends to have the low&€iV Raman shift 780 787 cmt,
while the HCI and blank solution have similar shifts at 79998 cm' after 100 days, that

indicates the low stability of M0s]®" intermediate in MSA solution resulting in faster kinetics.
4.2.6 Reaction pathways

In this study,there isa positive effect of additive on \MOsolutions, from stability, conductivity,

to electrochemical kinetics. For the mechanism of how additive changes the solubility'of VO
solutions, it is well reported ithe literature that HCI acts as a complexation agertonsume
more \LOs, shifting equation 4.12 to the right, whiMSA works as gproton addition to the
solution, shifting equation 4.11 to the rightMany studies report that VO and Ci form
VO2CI(H20), complex!09147.148Thjs complex has Chnion in the first solvated shell, resulting

in an increase of ¥ O 1 V distance and decreasing the chance of deprotonation of hydrated
VO," ions and hence reducing the chance of polymerization and precipi&ti6éhThe
complexation (shown in equation 10) consumes™a@ns, shifting the equilibrium in equation 9

to the right and decreasing the possibility ofO¥ formation and precipitates. Despite the low
concentration of HCI, it is reasonable to expect the presence of chloride complexes in &0.5M V
solution because a WO surrounded by 6Clcan bond with 1 or 2Clin its first solvation
spheret*® Regarding the MSA additivéhe Raman and UWIS results agreed with the literature
that the added 40" concentration mainly contributed to the increased solubility @\

The small, norcomplexation CHSQO;™ anion did not contribute to any structural change in the
dioxovanadium ion configuration. Based on these characteristics of HCl and MSA, we propose
that inclusion of these additives wil/ help
still maintaining the same proton concentration (because at hi§tHoncentration, ¥
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solutions have viscosity increases shafjy (ii) decreasing the probability of forming dimers
by adding extra proto#®, and (iii) increase the concentration of by shifting these equilibria

to the right, therefore increasing the ¥@oncentratiort>°
H.SQsz H™ + HSQr (equationd.9)
HSQr z H* + SO (equatior4.10
V205 + 2H" z 2VO." + H2O (equatiord.11)
VO2*" + ClI + HO z [VO2CI(H20)] (equationd4.12, only in the case of HCI additive)

For the mechanism of how the additive enhanced the electrochemical kinetics, there were a lot of
pathways. Irthis study, \P*"#* reaction rates are in the 40 10° cm/s range that agrees with the

published literatur@396:139.142.151.152\5rcys proposed that the ratio of electrochemical reaction

rate k, to chemical homogenous sektchange reaction ratedshould be— p 1 8 | stating
that the 6<06 sign tends to appear™in systems

Yamamura et al studied the V@/VO?" reaction on carbon electrodes and fouti
electrochemical reaction rate k to be around tfh/s in the presence of M H.SQu. They

proposed that the VO to VO?* reaction takes place via the outer sphere proton exchange

between VO(OH)" and VO(OHYJ. In their study—; was in the range of 10" to 1022

depending on the electrof&.Mar cus proposed t hes pdiefrfeedr-eamtd ndo
s p h dor différent electron transfer mechanisms at a polarizable electrode stiffabe term

Guter spher@refers to the processes that happen beyond the solvated shell; the electrochemically
active ion, in this case, VO(OH) is separated from the electrode surface by-@ Bblvent

layer, and has weaker interactions with the electrode. drireerspheré processes happen
through a bridging layer of ligands adsorbed on the electrode; in this cabeid@s the
[VO2CI(H20).] gap with the electrode, helping to facilitate the electron trahSféhe vanadium

+5 ion V' has an electronic configuration of?12s’ 2P 3¢ 3p° 48 3d°, allowing its complex

to be lablie, and the bonds W/ Cl to be brokerior the innersphere proceds happert>® Because

the innersphere process is supported by thab€tiging ion, the distance between the vanadium
ions and the electrode surface is shorter, making the kinetic faster. This was observed in the
electrochemistry data abgvespecially in the Rand G valuesin Figures 4.7 & 4.8The Gy

78



values of blank and HCI are more similar than blank and MSA, because the wettability was not
changed. The Rvalues from blank to HCI decreased significantly, showing that the kinetic was

significantly improved.
The TQTQg ratios of electrolytes range from 2° in the blank solution, 16°in the MSA

solution, to 16°i n t he HCI solution. The blank sol ut

iinactive sites ongzthmme® ep =t tThisoafhrees wititherEtSn ¢ e,

resultsonCFr esul ts above (the RC circuit being a b

solution second semicircle) and literatdie.

In the MSA additive system, the presence of excesmoirb couldshift this equilibrium to the

forward direction V@' + 2H;O* + € z VO?* + 3H,0, whereas the C4$Qs anion does not
participate in any electrochemical proces8ds.was previouslyshown thatthe MSA additive
maintains the V@ configuration in pristine solution, and it did not alter the inner sphere
structures in V@ to VO?* reaction?® However, the role of C¥$Qs is to provide extraOH

group that will improve the electrolyte wetting on carbon electrodes, accelerating the electron
transfer process. This can be observed in CV and EIS measurements performed on carbon
electrode, where MS/Additive provided faster kinetics in comparison to blank solution (Figure
4.9), and the almost threeld decrease of &from before to after CV measurements in the case

of MSA-additive (Figure48 (a) 53.58 Y to 28.23 Y, and (&
findings agree with the published literature that thesS&" anion did not directly interact with
vanadium ions, so it would not change the solvation structures and hence no major changes are
observed in spectroscopy pattethsThe CHSQOs anion improved the electrochemical

reversibility through enhanced wetting on the pretreated carbon electrode $Utface.

To maintain the Marcus rule ety p 1 8, we propose gotentialreaction mechanism for

HCI solution. While Yamamurat alused 1 M HSQq, the H2SQy concentrationsn this chapter
are three to four times higher, therefore, the VO(OHns should be very unstable in such
condition’® An ab initio study revealed a mixed outener reduction mechanism of
[VVO2(H20)3]" to [VVO(OH)(H:0)4]*. %8 If the reaction mechanism is no longer purely outer

sphere, k would be different, leading te p 1 8 . The inner sphere process, commonly
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regarded as a faster process than outer spféteis feasible in the HGAdditive electrolyte,
proven by a rapid reaction kinetics, about three times higher than in the blank electrolyte. In the
HCl-additive electrolyte, there is a chemical process>VO CI + 2H,O A VO2CI(H20)2,

which forms a neutral, watesolublespecieshat enables a higher utilization of Y3 There

may be a small amount of \(Obeing turned intche chloride complexes, so the major rate
enhancement factor was still the excess protons concentration from the additive without the

addition of extra sulfate ion§?

The presence of PDs]** specieswas observedn the carbon electrode by using Raman
spectroscopy. This agrees withe previously published literature on the presence of the
equilibrium V&' + VO?* z V203%.1%6 HCI also reduces a small amount of ¥@o VO?*,
further pushing the reaction MO+ VO?* z V,03%* to the forward directioA? While MSA does

not reduce V@ as observed by UV/Vis measurements, this additive still provided extra protons,
shifting the equilibrium 2V@ + H:O & V.0sZ + * backward. Based on the electrochemical
and spectrometry findings, tpeoposedeaction pathways for s to VO?* in acidic media on
CFisshown in Figuret.14.

opm

IVO(HZO)SJ% | o0 "

\// VO.eHB)] ¢ /

H0 clile M |
§ [V203]3.+
e '

VO (H,0),7

Figure 4.14. SEM images dfF and overlay text shows proposed reaction pathways#0g V
electrolytes in (a) blank and MSA, (b) HCI. Geometry of solvated vanadyl ions werér¢aken
literature o150

Reproduced Nguyen, O. H., lyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V.
(2023). Investigating the electianetics and longerm solubility of vanadium electrolyte in the
presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523.
doi:10.1149/1945/111/ad0a75. Creative commbeense
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4.3 Summary

The timedependent chemical and electrochemical behavior of 0.25®4 &ectrolyte solutions

for a hundred daywere studied for the first tim&he additives provided extra protonsstaft

the V20s dissolution equilibrium to the forward directiareOs + 2H" z 2VO;" + H20. The
diffusion coefficient and reaction kinetics were calculated from the CV and EIS measurement
and their values are overall consistent. The charge discharge curves show an overpotential of less
than 0.05 V. The UV/Vis measurements indicate less than 3.09%8*dfeing reduced to 4 in

the presence of HCI additive. However, the electrochemical reversibility of the HCI solution was
not hindered by the decrease in oxidation state. Reductior*afas not observed in UV/Vis
spectra in the presence of MSA additive even though MSA also contributed to the improvement
of solubility, conductivity, and electrochemical reaction kinetics. The solutions with additive did
not precipitate throughout the entire 100 d investigation period despite slightly higher
V205 concentration. The electrochemical reactlonetic of solutions with additive increased
almost 3 times compared to the blank solution (from 3 to 9'*df $1). The findings of this

study provide insight into the feasibility of HCI and MSA additive for long term use in vanadium
redox flow batteries and provide further directions for development ofefiestive vanadium

redox flow batteries.
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Chapter 5. Vanadium | quinone cellwith a silica gel separator

study

5.1 Introduction

This chaptefocuses orthe electrochemical properties ddium anthraquinor2,6-disulfonate

(AQDS 2,6) a highly wateisoluble, highly reversiblebut less studieduinone. The haltell
studi es, paired with vanadi umdés half <cell st
predictions. The separator study is also conducted, comparing thefstiageart Nafion® versus

the proposedovel separator.

Finding a compatible ion exchange membrane with a long cycle life has hindered the growth of
RFB in commercial markets for decades. This work proposes an aeuganscelectrolyte

based, noveinembrane redox battery to help eliminate membrane isShesesuling batteries
wereoperaing for 500 cycles with a capacity retention of over 90%, a capacity of vl

and an efficiency of over 80 %.

This chapter provides aextensive study of electrochemical methad®d tocharacterizehe
batteries with in-depth analysis and comparative studies between electrochemical methods.
Unique contributions include qualitatively proving the adsorption behavior of AQDS(2,6) on
different carbon electrode surface, troubleshooting the issues using a simple additivigjng,

and estimating the energy losses of the full cell from half cell studies.

5.2 Results and discussion

5.2.1 AQDS(2,6) preliminary studiesi solubility, reactions, and adsorption

One can estimate the solubiliagnd reaction potentiaf AQDS(2,6) based on its more studied
counterparts: AQDS(2,7) and AQDH(2,8heir structures are shown kigure 2.14(a). These
values have been estimated by many authors, the results depiredesnperaturesolutionpH,
and counterion&31% The solubility conclusion is interesting: for Nacounterion, the
AQDS(2,7) chemical has very high acidic solubility (D.7.1 M) but AQDH(2,6) has very low
acidic solubility (<0.1 M), the AQDS(2,7) has 0.22.27 M neutral solubility while AQDH(2,6)

has low neutral solubility (<0.1 M), and both chemicals has average basic solubility &0
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M). This and their higher current, better reversibility observed from CV is due to their pKa
values being higher than Figure 5.1 shows experimental results of AQDS(2,6) reaction

potentials at different pH.

(a) Anthraquinone-2,6-disulfonic acid (AQDS) 0.4
(o] OH O
O'\ //O | O -
4 ) T 07
© 0 o S
y 04l é
4 =0 I =
O o (0] OH - 0.4 (b) CV atb5 mV/s
——H,S0, 1M
Oxidized form Reduced form g: ;
General reaction: R(C=0), + 2H* + 2e- = R(C-OH), 081 —
Q+2H*+ 2e= QH, 08 0.4 0 0.4

E (V) vs Ag | AgCI

Figure5.1. (a) The chemical structure and general reaction scheme of AQDS(2,6) and (b) Cyclic
voltammograms of AQDS(2,6) 10 natidifferent pH on glassy carbon electrodean rate 5
mV/s.

Experimentally, the @ubility of AQDS(2,6)is 0.05 Min the pH range of 0 13. This prompts

the need to increase the water solubility of AQDS(2,6) through the means of electrolyte additives
T a simple yet effective way of increasing letegm solubility.Lee et al used ethylene glycol
(EG) as an additive to increase the solubility of AQDS(2,7) to 0.4 M in neutral soltfttdfs.
They added EG to a total concentration of 0.3nMKCI 0.5 M and proved that 0i10.4 m of
AQDS(2,7) can be dissolved in the above supporting electrolyte frorvi§Jvheasurements.
The mechanism proposed is the EQQDS(2,7) forms clusters due to intermolecular bonds
(hydrogen bonds orOH of EG and C=0 of AQDS(2,7), the nonpolar chains also align close to
each other), while the smalpolar molecule EG still can form one more hydrogen bond with
water, making the solvation of AQDS(2,7) easier and precipit#i@sholdnigher®* When4%
volume of EGis addedio AQDS(2,6) or 0.71 M in a 250 mL volumetric flasis addedthe

solubility increases to 0.1 M.

Regarding electrochemical performancesolutions without additives like iRigure5.1(b), the
cyclic voltammograms show significantly higher reduction current than oxidation cuFirent
difference is 1.5 (acidic/neutral medium) to over 2 times (basic mediwhi¥h makes these
systems asymmetric, accordingT@able3.2. On the other hand, the pettkpeak separation was
narrow, according toTable 3.2, the a, observed in Figure 5.1(b) should qualify as quasi
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reversible. Therefore, the asymmetry behawould be due to some irreversible adsorption

currents.

Quinones are known to have strong adsorption tendencies on carbon surfaces, through
computational and experimental medtsi®® If an electrochemical reaction mechanism is purely

CEC 1 chemicalelectrochemicathemical (chemical adsorptiori electrochemical charge

transferi chemical diffusion) like inChapter 2 section2.1.2 above, thenaccording to the
RandlesSevcik equation mentioned i&hapter 3, sectior3.2.2.2 the peaki scan rate
relationship should be logl = 0.5 lmg | f an electrochemical Area
behavior (pure adsorptidndesorption)then the peak scan rate relationship should be logl =

1.0 logs 18318 Figure 5.2 provethe adsorptiori diffusion mixed behavior of quinones on GC

using CV results, because the slope of loglvslogi s bet ween 0.5 and 1. 0.

58
-1.5 4 Yadsorption = 1.000x +0.107
i =0.749x - 0.507
- Yer
-2 ——— R? = 0.99787
—.-2.51 (a) CV results to show adsorption
< o CF (porous)
— 34 o GC (flat)
o ] o Model - diffusion
o o0 Model - adsorption
= .35+ P
-4 _- Ybiffusion = 0.500x - 3':F9777/43/,,,43—/*”D ”"DJ}D/DJD?E
Du
-4.5 1 Yoc = 0.659x - 3.107
1 R?=0.99503
'5 v v v v 1 v v v v 1 v v v v
-2.4 -2 -1.6 -1.2

log u [V/s]

Figure 5.2. Adsorption behavior proof of AQDS(2,6) on CF and GC through CV results. The
slope of logl vs logyis between 0.5 (pure charge transfer & diffusion) and 1.0 (pure capacitance
- adsorption & desorption).

In the presence of addddl7l M EG, both thesymmetry and peakto-peak separation of
AQDS(2,6) improvedLee et al also observed that for AQDS(2Figure 5.3(a) descrilsehow

the peakio-peak separation decreased frower 0.4 V(which is borderline out of the quasi
reversible threshold of 2*0.2 V, accordingTable3.2) in the case 050 mM AQDS(2,6) without
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EG to under 0.3 V in the case of 50 mM AQDS(2,6) with E@ure 5.3(bxhowsthe lowerlogl

Vs logs

rati o when EG

40 4
30 4
20 4

(a) CV, carbon felt,
5mV/s

—— Blank - 50 mM

- — -With EG - 50 mM

10 4

04
-10 4
-20 4
-30 -
-40 4

j (mAicm?)

With EG - 100 mM| . ~

0.4

-0I.2 0 0:2
E (V) vs Ag|AgCl

0.6

1.3E-5
6.5E-6 -

LY
k)]

it1|'2 (A.Sﬂz)

-1E-4 -

(c) CA results of blank on CF
O  AQDS reduction

~| © AQDS oxidation
—Curve fity = ax? + bx + ¢

. |= =-inearfity=bx +c'

t1 12 (51,’2)

s added to the AQDS(2, 6)
1.2
(b) CV results on carbon felt _os"o
¢ With EG - 100 mM o
149 o With EG- 50 mM s
o Blank O
1.6
< s
=]
2 ] .
o
29 0 Vyg0 = 0.591x - 0.473
: o oYs = 0.536x-0.822
O =0.749x - 0.507
244 ; Ya
-2.8 -2.4 -2 1.6 1.2
log v [Vis]
2E-3
g ] .
2 1563 4
= 7" [(d) CA results w.EG on CF
- ] * O AQDS reduction
= 4E-3 4 < AQDS oxidation
= ——C urve fit y = ax’ + bx + ¢ T
5E-4 = = <inearfity=b'x +c
-1E-3 4 — ——
0 0.1 0.2 0.3 04 0.5

t112 (5112)

Figure 5.3. Improvements of EG on AQDS(2,6) electrochemical reversibility. (a) Proven by lower
peakto-peak separation from cyclic voltammograms,Rlgven from lower adsorption from
logl vs log curves angroven from increased current & diffusion coefficieints
chronoamperometry results between (c) blank and (d) with EG.

Another benefit of adding EG is the increaséimic diffusion coefficientof the chargecarrying
ion. Figure 5.3 ¢ shows the CA results of AQDS without additiwéth lower current and lower

y-intercept than in Figure 5.3 d.

Utilizing equation 3.28 from Yap and Doantté

YO T @ T COOMD
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as the curve forrg = axX + bx + ¢, withy =Qidandx#10. R i s t he ¢2&m) r ode 0 s

A is the electrode geometric aré@25 cn¥), andD is the diffusion coefficienof the charge

carrying ion(cn/s), and the other parameters followed previous notation parameters.

Another form of D determination is througihe yintercept ofa shorirange linear equatioyn =

b 6 x, sl with y ="Qidand x #10.

Vo u Qn o6 wwHE ¢
€ 00 0

Table 5.1 shows the linear & curve fitted parameters and diffusion coefficient calculated through
the two equations above. The diffusion coefficient vabfesolutions with the EG additivare in
the range of 2*10° to 5*10° cn/s, which agrees witHiterature on AQDS diffusion
coefficients!?3161.163.16The Jow D in the no additive case is due to the slow to desorb AQDS
specieson the carbon electrod&here are still signs ofsgmmetry between Bx and Deg;
however, Rx and Deqare much closer in the solutions with EG.

Table5.1. Determination of diffusion coefficiengcnt/s) of AQDS with and without the EG
additivefrom CA paired with literature comparison

Curve fit| Linear fit | D (cn?/s) from| D (cn/s) from| Literature results

ic ico the curve fittt he | i n|(cné/s)
result result
Blank i | 89410 | 8.93*10* | 1.73*10° 1.72*10° 1.342 1
reduction Average(ox & red),
Blank 7 | 8.82¢10% | 8.79*10° | 1.68°10° 16710 AQDS(2,7) in
idati HoSQu 1 M6

oxidation

With EG i | 4.89*10% | 4.80*10* | 6.40*10° 6.35*10° 1.617 * 1
reduction Estimated front®!

7 6

With EG 7 | 5.01*10% | 4.98*10* | 6.91%10° 6.83*10° 4f'A5 [5)8 ;n\? )
oxidation of AQ * H

167
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With a reaction potential of around 0.0 V vs Ag | AgCl, a quagersible reaction rate, and
favorable diffusion coefficient 06.37 to 6.87*1¢ cm?/s, AQDS(2,6) can be a good anolyte
candidate for RFB with ¥Os-basedcatholyte (reaction potential 1.0 V vs Ag | AgCl).

5.2.2 AQDS(2,6)as an anolyte for full cell studies

Figure 5.4 shows the hatkll studies of both compartments together. To predict full cell
behaviorfrom halfc e | | studi es, one can estimate Dboth
resistance & overpotential, asgmmetry

80
(a) [3-electrode cyclic voltammetry 2.51 (b)|Exchange current density from CV
60 - V,0; in H,S0O, 5] AQDS in H,SO,
—— AQDS in H,S0, V,0; in H,S0,
40 4 — 1.5
— QH, to Q £
‘g 204 S 11
(%) <
g 04 E. 0.5 -
g =
— 201 0.98V 8
40 -0.5-
60 QtoQHz 11
-1.5 1
-80 T T T T T T T T T L] L] L] L] L] L] L] T
04 02 0 02 04 06 08 1 1.2 04 02 0 02 04 06 08 1 1.2
E (V) vs Ag|AgCI E (V) vs Ag|AgCl
50
(c)[3-electrode impedance spectra 1.13 1
V,0; in H,S0, 112 4
40 4 o AQDS in H,SO, L )
o T (d) 3-electrode half-cell T
gj 0.16 4 =  AQDS in H,S0,
£ 304 Re % > V,04 in H,SO,
S 15720 Ret Wsi1 < 0.14
g 2254 uF 39180:0.01562 g
N 20+ 78320 S 0.12-
w
10 4 0.1+
0.08 4
0 ﬁ T T T T T T T T T
0 10 20 30 40 50 0 0.1 0.2 0.3 0.4 0.5
Z' (Ohm) Capacity (mAh)

Figure 5.4. Comparisorof half cellresultsfor insights into full cell predictionga) Three-
electrodecyclic voltammograms, (b) Extracted log current densitydividual haltcell
potentials from CV, (c) EIS after CV, and (d) CDC of {celfs.

From Figure 5.4 (a) and (d), one can estimate the cell potential should be D®BV. From

Figure 5.4 (b), one casee that the exchange current density valyes AQDS is higher than
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V20s; Q; p @a 6fha and Q; o8té Ofw &. From Figure 5.4 (b), one can
estimate thegymmetryof each pr oc e $ sxidatieneofl AQDSi2¢6h&aredgctiom g 0

of V:Osand cel | fi cedustionhoBAQP SR G)cand oxidation of V8. For AQDS,
the reduction (left side) and oxidation (right side) slope$&49and0.052 respectivelyUsing
z 8

equations 3.22 and 3.23 T® w.dhis is higher thanthe Uvalue of

V205 at 0376 determined irchapter 4From theUvalues, it is understood that the oxidation of
VO?* is the least stoichiometri®herefore, teencourage more electrons in the discharge process
for a more coulombic efficient celdecreamg the discharge current to lower than the charge

current in CDC experiments predicted to be beneficial

From Figure 5.4c), one can see that f o®0 { , which fits the adsorption behavior.
The VQ'/VO?* redox couple is known to have sluggish reaction kinétits no surprise that

Y g 18Y i . Similar to the k calculation in chapter 4, the electrochemical reaction rate

current of AQDS can be determined by

x Y'Y ¥ P
Q ” - BT L ot QR 0 ©wEE £
"OY o F RO B R
(14 j14 8 8
Becaus® 0 i p&rp Yp M — Z pY wYp M —

& px déd‘Q'éd)(‘mméé

(0] m —F

pPAp T == n

if Cs = 0.2 Guk (common electrochemistry estimation), and the readfigotient at ,expcan

be used to calculate the concentration of epatiegfrom the Nernst equation):

o o T[8IU(J0I rgG'O"Y 8t LI
7 C 56 0yo oUW
T™ILv YordI Mo Te U‘Iw'l'’@G'O“Ynf:it
l‘IJ t 8{7 OO{ p X LIJ
o0 0"Y

50007 p® olRn 0 wwde ¢

Here, F Wvas estimated from the’Bf AQDS(2,7) and the value in Figure 5.4(b).
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While from chapter 4, the reaction kinetic constant e®d/is in the magnitude of 10i 10°
cm/s, which isapproximately 44times slower than the AQDS reactiofor diffusion
coefficients, AQDS and ¥0s values are both in the £@&n¥/s magnitudeThis promptsus to not
apply a strong current in the celargedischarge process.

Anot her prediction one can make f AddingalRheg ur

(0]

resistance values from both half celldl result in the total Ohmic resistarnce
Y Y Y 1@ xmQn oo ¢

In a cell with two identical electrodes, eaglectrodeis a 1 cm * 1.5 cm rectangle, the area

specific resistance would be

0 Y'Y 02 Y Y PRZT @ X C T8O WITIR ¥ @

T@uwd Qnf o6 O oEgé &
Where(0.990:0.25*6) Y cn is the separator resistance value calculateéde following section
Therefore, one can expect an ohmic overpotential of

— R Qo8 a 20 Y'Y Mo a QR o O ¢

Figure 5.5(a) to (c)show the full cell performance of AQDS ( silica gel separator | ¥0s (+)
at 1.5 mA/cm charge current density, and 1 mAfdischarge current densitfigure 5.5 (d)
shows the polarization curve of the same cell at different current derEiteesell OCV is 0.894

V, which is lower than the ideal 0.981.02 V expected from hatfell studies. This is caused by

its internal resistances.

From Figure 5.5(c), the CE of over 95% after activation cycles and capacity retention of 93%
after 500 cycles show high stability of cell. The VE can be calculated from the voltage values
identified from Figure 5.5(b): VE = 0.84 V/ 0.98 V = 85.7%. Therefore, EE = 95% * 85.7 % =
81.4%. This value is optimistic for RFBSigure 5.5(a) shows that apart from the first activation
cycle, the charge and discharge capacitthsfcell is around 4 Ah/L. The capacity utilization is
less than 50% with 0= 1 * 96485 * 0.01 = 9.6485 Ah/equation 2.10, sectich 1.3, which

is not high but within acceptable literature margins for novel systefitse peak power density
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of the cell iscalculated from equation 2.14 (b) to BemW/cn? (Figure 5.5 b. If one uses
equation 2.14 (c), the cell power density wouldtlmse to the PD at 10 mA.chinstead

., 00w 1 TROR

v o i :

TY TZo @Y

The Rnmic= 31.08Y ¢ fis calculated from the slope of Figure 5.5 (d), in the current rangé of 1
15 mA/cn?. If one chooses theoRic to be the ElSalculated valueRjgure 5.6b), 28.78 Y ¢ fn
then the PD would be 6.95 niew?.

08 @ OIHa 'Qn 6 ¢ wdwE &

The energy density of the cell is calculated below

00 v Zw TOD zZmMTW o @D QN o6 odes &
144 [@V0;1gel|AQDS 6 (b)
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Figure 5.5. Full cell performance of XDs | gel | AQDS cell. (a) Voltage profile, (b) Voltage

derivative profile, (c) Efficiency and capacity retention, and (d) Polarization prdfile symbols
on cycle 400 signifies the sample collection points for spectra studies in section 5.2.3 below.
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In Figure 5.5 (a), the capacity of the cell is shown in relation to the voltage rise when a constant
current is appliedAn upper cubff voltage of1.70 V in the initial cycles (activation cycles) is
chosen, and.30 Vis chosen for other cycle& lower cutoff voltage 0f0.4 V is chosen for the

initial cycles (activation cycles), arf@l6 V is chosen for other cyclesiowever, reactions are

done (voltage jumped, no more capacity plateau) at around 1.2 V and 0.75 V. For a charging

current density of 1.5*1®A/cm?, takingthe ASR value from equation 5.6, ohnmass would be:
- R A PRZP T 2T U X TWBIXE QR 6 © & £

Which would make room for other losses from charging be in the range of 0.61 V during the

initial activation cycles and 0.11 V during the rest of the cycles.

For a discharging current density of 1.0%10A/cm? the ohmic losses would be
- A A PIZP T 2T @U X TABIT ¢ QN 6 O VEDE ¢

Which would make the room for other losses from charging be 0.57 V during the initial

activation cycles and 0.19 V during the rest of the cycles. The calculations are based on:
- - R — O i (0] Qn o6 ® o e
With Ecel predictedbeing 1.00 V taken from Figure 5.4 (average of 0.98 & 1.02).

Figure 5.5 (b) proves deeper insight into the voltage range where the charge or discharge process
happens. Cycle 1 experiences what looks almost like glsteau charging process in Figure

5.5 (a), and in Figure 5.5 (b) there are two charging (upward) peaks$irJipeak at 0.9 1 V is

due to the sluggishmultiple-stepcharge transfer of VE&/VO?* and the adsorption/desorption of
AQDS, while the second peak at 1.4 V lodike the charge peaks of later cycl&arting cycle

30, thechargingpeaksobserve tailings, and the discharging peaks observe frontings. Charging
p e a &nsefpotential isat (0.86 + 0.01) Vthe highest dQ potential is at (0.98 £ 0.01)thé
potentias where the peaks reach their hiafightare (0.9 £ 0.1) Vand (1.08 = 0.02) Vand the
potential where dQ is at 10% at the end of the charging process is (1.25 + 0.0h¢ V
discharging peak$ook taller andnarrowerthan the charging onesvith their onset a(0.99 +

0.02) V, the highest dQ potential is at (0.84 + 0.01)RAéir hal-height at (0.79 + 0.01) V and
(0.93 + 0.02) Vand the potential where dQ is at 10% at the end of the charging process is (0.77
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+ 0.02) V Therefore, thaéotal 6 o v e r p att9@¥stateokdhaige $OC0 is aboutl.2571 0.84
=041V, at 50% SOC i9.981 0.84=0.14V, and at 10% SOC is 0.860.84 = 0.02 V.

From Figure 5.51), theslope at low current density campointthe aresspecific resistance of

the electrode activation processd the slope dtighercurrent density should pinpoint the area
specific resistance of ohmic process€he slope up until 0.96 mA/cénis 145.77 Y ¢ f so,
overpotential values d.146 Vfor discharg and 0.219 \for charge. At SOC 90%, the non
activation overpotential is then 0.411\0.219 V = 0.19 VThe slope between@to 15 mA/cn¥

is 31.08 Y ¢ fawhich is34%1 owe r t h a n?calcélatel orrhalivcellmesistance values

in equation 5.6Becauseof the rapid voltage decrease during polarization experimehte @A hi g h

current densityo ?oktpicainm®texploredv e 15 mA/ cm

To provide another dataset ffull cell overpotentiaidentifying, EIS can be doné&igure 5.6 (a)

shows the EIS spectr&jgure 5.6 (b) shows their equivalent circuit fitting results.pristine

condition, itis (13.5% +9.16Y)*1.5cnf= 3 4 . P;Gifteivcycha 30, it is (11.88 + 7.888
Y)*15cnt= 29 . F:&fteiycycha 500, it is (14.19 + 5.086Y)*1.5cnf= 28. 28 Ycm
These values are 9.7%, 4.8%, and 7.4% different from the slope of the polarization curve (31.08
YcMiThere is a drop %ofrbmthe Riadd a¥rop obl2Y 2 .1816 Y¥ccnm

from the R: from cycle 1 to cycle 30. This is not only because cycle 1 needs activation
overpotential, but also becauatter a few cycles, the carbon electrode | electrolyte has better
wetting, reducing the interphase resistanidas phenomenon waalso observed in chapter 4.

Cycle 500is usedor total resistance calculatiomstable 5.2

Y Y Y Y pBRTULVBIYPY T CBPD oXp T@qn ANOAGKD 1

Table 5.2 summarizes the overpotential calculations inferredFrguanes 5.4 5.6.
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Table5.2. Overpotential calculationsf the gel systerfirom Figures5.471 5.6.

Predicted | Observed/ calculated frofigure | Calculated fronfigure 5.6
from Figure | 5.5
54
E (V) - 0.41V (90% SOC) 6528 Y ¢ m* 1.5*10° A.cm?
0.14 V(50% SOC) = 0.079V (charge)
0.02 V (10% SOC) )
65.28 Y ¢ f* -1.0*10° A.cm?
=-0.0653 V (discharge)
" activation | - 145. 77 *1%403 Acm? | -
(V) =0.219 V (charge)
145. 7%*-Ye1® Acm?
=-0.148 YV (discharge)
" ohmic (V) | 0.070 V 31.082%*Y15mM0® Acm?|28. 782 *1.51m3 Acm?
(charge) =0.047 V (charge) =0.0432 V (charge)
-0.047V  [31. 082 *V1®0% Acm? |28 . 7 82 *YLkOom0® A.cm?
(discharge) =-0.031 V (discharge) =-0.0288 V(discharge)
The diffusion parameters shown in Figure 5.6

(WsT, unit s) and conductivity of the diffusion layer (§.sThe effective time means the time a

species can travel through the area of effective diffusiomn: — QN 6 O wEE; ¢

with L (cm) being the dF#s)deingthedifusionaoefiicierd.s | engt

There are two different EIS shapes for full cell, resulting in two different equivalent circuit
fitti Figure 5.6 (b). t he
the ZView softwareiia Physi
mix of semtinfinite at medium frequency (10300 Hz) and finite space at low frequency (mHz

ngs shown 1in I n pri s

opendé, according to
T below 10 Hz). In the pristine spectrum, the line following the semicircle has two slopes. In the
Z 06 r ahn2peOhn2 (@r fregency range 10 300 Hz), the slope of the Nyquist plot is 48.4
very close to the theoretical seinfinite Warburg diffusion behavidf® A semiinfinite Warburg
diffusion means the diffusingpeciesmoves freely both in space and length out of a flat

Thi s t hi
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el ectrode surface. means two ngs

(1)



the electrolyte yet, and (2) tispecie6 concentration is oscillating
the electrode and into the bul k. In the Z06 r a
slope of the Nyquist plot is 83 0fitting in with the bounded diffusion behavi6FA 6 bounde d
di ffusiond means a diffusion that I's bd ocked
infinite and finite space (completely blocked, angl&) $¢ This means the electroactigpecies

far from the electrode surface were blocked by a separator and, therefore, had finite space to
diffuse inl®*Af t er battery cycling, the fitting el eme
spectrum has a semicircle instead of a |ine |
di ffusion, or o0t r an &timseass thatthsgedesmtite®lecyradytedanf f u s |
permeate through the pores on the electrode surface (enhanced wettability, described above) but

still has a finite length of diffusion; trepeciesn the bulk has an L length of diffusion.

(a) (b) Electric double layer of
electrode & electrolyte
Soluti Diffusion
o olutions
250 V,0O; | gel | AQDS !
2|:| ’ |F’sl{istilne sepgrator,
o 30th cycle wires Electrode/
200 o 500th cycle I Electrolyte
—_ ; Rs CPE1 /
E 150 01 WA >7 1
S 13.57 Q Rct Wo1
_‘-’ 304 ] ’ o
N 100 ] ) 1,266 uF  0.07256 s
! 9.160Q 1.684 S.s™
50 S C‘"’i‘ |
11.83Q Rct Ws1

0 10 20 30 40

0 14.10 Q .
0 50 100 150 200 250 3.603 uF  0.2376s
65.78 uF  0.1196 s

Z' (Ohm) 7.8880Q 0.1778 S.s"
5086 Q 0.5671 S.s'

Figure 5.6. EIS spectra of full cells at pristine, after cycle 30, and after cycle 500.

In retrospect,te halfcell data can providenaideainto how the cell should work, its primary
expertise is the voltage predicti@i7.6 % correct OCV predictio@nd kinetic insights to advise
using low current density for full cell; it did not necessarily provide the best overpotential
insights (67 T 68% correct total over potential predictiofhis is due to the different cell

configuratiors, leading to different distant between electrodes, a lack of a reference electrode
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leading to recorded signal fluctuation, and a lack of a sepdreteen two compartments in the

half-cell casdeading to different diffusiomelated resistanceg®

EIS on full cell provides ohmicelated loss results with a less than 10% margin of error. The
dQ/dV provides a more precise voltage range dataset than just the plain voltage vs capacity plot
and shows that the charging plateau looks broader than the narrow discharging plateau. The EIS
on full cell at pristine versus at cycled conditions reveals the wettability of the electrode and the

electrolyte diffusingpehavior

Of course, the calculatioreboveare flawed because the wiring, connections between parts, etc.
resistance cannot be fully quantified. If all measurements are done in the same cell and wires or
using very systems, those baseline resistances should be the same, and the values reflected in this

thesis should be replicable.
5.2.3 Spectral studies of full cell materials

Figure 5.7 shows the UVis spectra of vanadium electrolytes at different SOC. Chapters 3 and 4
mention that V@™ (V5") has a distinctive absorbance peak in the UV wavelength spectrum at
3307 340 nm and V& (V*) has a distinctive absorbance peak in the visible wavelength of 760
i 775 nm.They have different absorption at different SOC:2¥/6ignal decreases while \fO

increases during discharge, showcasing the"¥Qe + 2H* A VO?* + H,O transformation.

However, any UWis deductions should be taken as seummntitative.The calibration curve

used in chapter 4 is for a dominant (>95%) amount of \\@xed with a minor amount of V&),
therefore, not applicable in a transitional situation like tRist to mention, each oxidation state

has its own absorbance coefficielihe VO,* signals arevery intense. In Figure 5.7 (a), the
dilution coefficient is 500 times. For such dilution, serial dilutigilizing the acid medium
weaker than in the initial solutiofi M H.SQs + 0.03 M HCI)is usedbecause F5Qs and HCI

have UV absorbance at less than 300 nm. Because there are errors associated with dilution,
choosing the ¥ peak to quantify the concentration does not sound like a good idea. Instead, the
VO?* (V#) peak is less visible light absorbing and slightly more quantifiable. Figure 5.7 (b)
spectra have a dilution coefficient of 20. However, in the mixed valencetb&e existglimers
[V203]3* and other ¥*-V°* oligomersin vanadium catholyte€®
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(a) V, 05 (vs AQDS), V** signal 14 (6) V,05 (vs AQDS), V** signal
34 Pristine Fully discharged (0.5 V) @
Fully charged @ Charging &

Charging @ Discharging (e)

—— Discharging (e) Fully charged (1.5 V) @
Fully discharged ® 0.6 4 Pristine

0.4 1

Absorbance (a.u.)
Absorbance (a.u.)

0.2 ~

— — 0
300 400 500 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 5.7. U\-Vis spectra of vanadium electrolytes at different SOC. The symbols correlated to
the symbols in Figure 5.5.

Figure5.8 (a) shows the U\is spectra of AQDS electrolytes at different SOC. The attribution

of each peak (1) to (3) shown infigure 58 (c 1) and (2) arhe fatemerhay e
transitions and (3) is attributed to theAy = * e rransitgrylt is acceptable to attribute those
signals to those energy jumps not only because of the Woodmsrdr rule of UWis
absorbance, the literature on anthraquinoneMi$vabsorbance, but also the fact that the energy
difference between the peaks follows the electronic level energy diffef&ié&The core
chromophores of AQDS, cyclohexanone (for a strict application of the Woodsigtrdr rule) or
9,10anthraquinone (for a closer compound), are known to have an absorbance peak at around
325 nm!3317017IThis peak can be identified as a\n” * e nransitiprbecause it has lower
intensity than the other peaks, due to the lack of electron détisitye other two peaks, having
higher intensities and energy difference of at least 100 kJ/mol vs the peak (3) at 327.5 nm, mean
they belong to different energy leveansitions(and not vibrationatransition3.2*® These two

peaks also appear in the 9d@hraquinone UWis spectrumt’® Loosely applying the
WoodwardFisher ruleonecan attribute them to the energy jumps of the two rings surrounding

the C=0 bonds in the middle ring (1), and the sulfonyl groups propagated from those two rings
(2)_156
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Figure 5.8. (a) U\AVis spectra of AQDS electrolytes at different SOC, (b) Molecule structures at
different SOC, and (c) Different energy levels correlated to differertisgeaks in (a). The
symbols correlated to the symbols in Figure 5.5.

Figure5.8(@p hows the (3) decrease in & from charge
discharge (reduced state, AQDSH, or AQDRSIH Figure 5.8 b). This is due to the decrease in
mol ecul ebs conjugation | ength, making the wav

a 13 nm dech eas e@Eh@anAt’ h*e peakds position remai

0.5 nm) from oxidized to reduced state.

From the proven reduced & oxidized states existence, the following reactions happehiag in

full cell is confirmed
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Charging
Catholyte: VO2* + H,0 - VO,* + H* + 1e”

o OH o
o# ii_O
/ - o0
Anolyte: O o Yo't > o
y * // O‘§I
" N0 I
o) g © 0 OH

Discharging
Catholyte: VO,* + H* + 1e” - VO?* + H,0

O
Il

OH 0
Anolyt < o/
nolyte: S ]
Y o O > 2H +2e+ &
Ol 0
N Y,
I S
0 OH o g °

Figure 5.9. Reaction schemes of thegO¢ || AQDS full cell.

5.2.4 Separator studies and comparison to Nafion

One of the most important parameters of a separator it its ionic conductivity, considering a cell
separatorés main task is to facilitaEl®gisaoni c
powerful method to studgnaterials conductivityFigure 5.10 (a) shows a typical EIS plot of a
nonFaradic process. As described in Chapter 3, the bulk resistance of an ionic conducting

material is determined fromMNyquistp | ot by t ak i nigtercephe Z6 val ue at

Coupledconductivitywith temperature, one can understand the ionic transfer activation energy
of amateriaAlAs menti oned in chapter 3, the Arrhenit
energy from the .Y2%TeepAeheniué eqliation is shown (nlefufitjon 5.11

below 172,173

~ N A

1062 011 11 C onsoums
” ” Y"Y J, ], v.,Yfzn (0} (,O(D)@p €
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o

with u (S) beisnpgectihfea ct ecnopnedruacttuirvei ty t haog can

(S) being the prexponential element related to the amount of charge, R, T are ideal gas constant

(J.mott.K?Y) and Kelvin temperature, respectively, @.mot?!) is the activation energy. If one
replaces R with KBoltzmann constant, unit in this case eYKE, unit will be in eV. This

applies to both equations 5.11 and 5.12.

When a mat er i iadoddsctivityeeatapoaship tollowsethe Arrhenius relationship,
such material 6s | oiswbasedon the loppinghaf ionsEomtorzervacanay to
another”® A modified version of the Arrhenius equation is Weell TammaniiFulcher Y TF)
equation. They arproposed when the Arrhenius fitting does not look linéae conductivity

mechanism in this case depends on the polymer segmental relaxaNwst polarpolymers

have both crystalline (where ion hopping is the main conducting mechanism) and amorphous

(where segmental movement is the main conducting mechanism) phases. Becaus they
switch between phasest a certaintemperature, #it temperature whe the crystalline z
amorphougransition(glass transitionphappens is crucial in the conducting mechanidence,

(To = Tglass transitonl X K, 50 x  &in thié ¢aspis mentionedthe VTF equationThe VTF
equation is shown in equation 5.12 bel6iv

Y TAGB2— 01 ] 1] 2T o2 QR 6 e &
no Vv ’ C YUY Y
It is clear from Figure 5.10 (b) thath e | i near ity of the Nafi on

of silica gel. Mathematically, this is because of thei(To) aspect. The data Figure 5.10(b)
was extract from Not@t af’? Their Ty is experimentally determined from DSC to 0 °C,
making their 5= (1407 273)1 5 = 1318 K. Therefore, the material is not undergoing any
primary phase changes (melting, glass transitioningyuath temperature rangeRaired with

measured mechanical relaxations of inter and intra molecular H¥atiset alconcluded that in

the temperatures abows °C, themat er i al 6s over all o mpping t i vi t

through t Hd lsidgbohaini amdaakbonesegmentaimotions with the side chain

charge exchange being more favorable than in lower temperatures.

While thesilicagel 6s i1 onic conductivity is higher

kJ/mol is almost 20 times higher, and its slope is 4 times higher. Other literature reported

Nafi ono6s ac tasQialt kJmol’ evhiah risgsill lower tharsilica gel at 18.58
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expl ained the differe

kJ/ mol This can be by
mechanism is Arrhenidiike. This means that there should be no coupling between segmental
motions and ionic movements, only the hopping of ions from one vacancy to another. While in

Nafion, ions can both hop and move through segmental manoagsemperature high enough

above T, which in this case, is 35 degrees abel@&"C.

T(°C)
26 21 17 13 9 5 1 3 -6
300 0 1 1 1 1 1 1 1 1
J ° 1 (a) EIS of gel at 15 °C (b) Activation energy study
T _)_/ o Data Gel 12%
250 — R1 Q1 - -0.5 - ~
1490 1041 [ Circuitfit o Nafion
© +0008 =005 ]
= 200 Ohm _ 1 Ino
£ i ¢ (2}
g 150 — . o 1.5
H 4 i
N (@] —
"1004 L 21 )
o . 3.5] o .k 1
50 | g -4 o nﬁ-__— naog N : n 7’”[‘, _!‘]
£ 3 37 4] E,\ =050 kJ.mol” -
0 _FL—. 1 v 1 v 1 v ] * ] T IR: = OI9859] T T T T T
0 50 100 150 200 250 300 3.35 34 345 35 355 3.6 3.65 3.7 3.75
Z' (Ohm) 1000/T [K“]

Figure 5.10. lonic conductivity studies of gel. (a) An example of EIS result of gel°&t 46d (b)
Arrhenius and VTF lines of gel in comparison with Nafion from literature.

Nafion dataand activation energy data extracted fronNoto, V. D.; Piga, M.; Pace, G.; Negro,
E.; Lavina, S. Dielectric Relaxations and Conductivity Mechanism of Nafion: Studies Based on
Broadband Dielectric Spectroscopy. ECS Tr&@08 16 (2), 1183.
https://doi.org/10.1149/1.2981960

BecauseNafiond s ma i ntheicossaver of iioss other than, kit is important to compare

how fast and how much of \\Dand AQDS diffuses or crosses over from one side of #bellh
to another side that only contains acid (no active materials) initélybserving the OCV of
those sekdischarge cells, one can see how stable the OCV of the cell is, or how fast the cell

OCV changes; the voltage change could indicate a cros&ssamtially, one is measuring OCV

utions that was

of a non polarized halfell. By analyzingthec ount er s ol

active materials), one can identify how much active materials have crossed over.

Figure 5.1 shows the sellischarge cell study of VO ||silicagel or Nafion || acidrromFigure
5.11 (a), it is evident that the cell OCV of the cell with gel separator decreases skramr.
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Figure 5.1 (b), it is evident that the cell with gel separator has less than 30% of the amount of

VO_" crossed over than the cell with Nafion separator.

35
0.8 (a) (b)
—_ ° o Pure gel 3
0.7 :
— L °Pure Nafion = Acid after left in self-discharge cell
o @ 2.5 .
‘C 0.6 ~ Nafion
© S 5l Gel
= 0.5 s '
o, 2 15 Gel gives lower V>*
> 0.4 8 crossover
> Ko 14 .
o < concentration.
o 0.3
0.5
0.2 -
T T T T T 0 T T T T
0 20 40 60 80 100 120 200 300 400 500 600
Time (h) Wavelength (nm)

Figure 5.11. Selfdischarge studies of.®@s with silica gel

Figure 5.2 shows the selflischarge cell study of AQDSdllica gel or Nafion || acid. Similar to
the V.05 case, thesilica gel separator shows less crossover isfuesnalizing the signals from
Figure 5.12, there is 60% more AQDS crossover in Nafion thailioa gel. However, if one
considers the voltage drop between Figure 5.11 (a) to Figure 5.12 (a), tsdedfrge behavior
of Vanadium is more concerning than AQDS in gené#télile it took 4 days for the AQDS cell
potential to lose 0.03V, it only took the®s cell less than a day to lose over 0.1 V.

-0.18 -______: 0.8 .
1 (b) Acid side, self-discharge cell,

; — after 4 days
‘_'; -0.19 | (@) = Pure gel 3 06- Nafion
5 7 = Pure Nafion 7 8 Gel
@ 021 @
— (3]
@ § 0.4
el -0.21 5
< 2
> < 0.2+
Q .0.22
(@]

-0.23 4 . ; ; ; ; ; ; ; 0 : T T :

0o 05 1 15 2 25 3 35 4 200 300 400 500
Time (days) Wavelength (nm)

Figure5.12. Seltdischarge studies of AQDS with gel
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To compare the cell performanca,full cell V2Os || Nafion || AQDSwas assemble@nd
conditioned in the same conditions as the cell with gel: 1.5 mAdtrarge and1.0 mA/cnt
dischargeThe <cel | 6s OCV i s 0 .-célBekpectation lob0O8 1.02tVhan t h
(from section5.2.2), and | ower than tTherewyles hbhréshowm mlFiguee of O

5.13. From Figure 5.13 (a) & (b), one can calculate the energy density of the cell as

00 0 Z 00D 2T w A YD QR 6 e &
This is 30% lower than that of the gel system. The low utilization (which causes low capacity) is
due tothe high overpotentialexplained byhigh resistangeand high crossover raté is also
noteworthy that because the cell loser 30% of its capacity after 100 cycles can be seen in
Figure 5.13 (c). Consequentiyere is no need of carrying further cyclidgpplying the same

calculation rules in sectioh.2.2abovet he <cel | 6 s are aalculatedl e rebutissasee s

shown inTable 5.3.

From data in Table 5.3, the VE could be calculated to be 80%. If one takes 80% CE as the mode
value from Figure 5.13 (c), then EE = 80% * 80% = 64%.

From data in Table 5. 3, t h e 6cde. |9l 58 SNicinmakesehe n a | r

cell 6s power density:

00w ™ oT
Y TZ@ ®U

O
00Oy ofﬁ)wg—d QN 0 wo@WEoe

. A s
00O p8TZpT[ZT[EﬂJljJXT[EﬂJljJ)((:)—d QN 0 woWeoe
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Table5.3. Overpotential calculations of the Nafion system ffeigure 5.13.

Predicted | Observed/ calculated fromigure | Calculated fronfigure 513 (d)
from Figure | 5.13 (a) & (b)
5.4
E (V) - 055V (90% SOC) 1555 Y ¢ fn* 1.5*10% A.cm?
0.41V (50% SOC) = 0233V (charge)
155.5 Y ¢ fn* -1.010° A.cm?
)
0.24V (10% SOC) =-0.156 V (discharge)
" activation | - Charge: 1.03V 0.93V =0.10V, -
V) (from Figure 5.13 (b), peak ¢
cycle 1i peak of cycle 10)
Discharge:
0.72Vi 0.77V =-0.05 V
" ohmic 0.070 V|- 64.95 Y c¢ fn *1.5*10° A.cm?
V) (charge) = 0.074V (charge)
0047V 6495 Y ¢ fn* -1.010% A.cm?
(discharge)

=-0.065V(discharge)
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Figure 5.13. Full cell performance of X0s (+) | Nafion | AQDS ) cell. (a) Voltage profile, (b)
Derivative voltage profile, (c) Columbic efficiency and (d) EIS spectra

From Figure 5.13 (d)EIS data can provide insights anhy t he Nafi on cel |l 6s
not as high as the silica gel separator. 3die R of the pristine cell is higher than that of the gel

cell. This could be an indication of a high resistance cell, caused by the fact that gel has a slightly
lower resistance than Nafion (Figure 5.10). Ther&ue did not decrease significantly, although,

the Warburg diffusion behavior still underwent a change from bounded (linear liné® 45.76

80.67) to finite length (two semicircles). The chargansfer resistancecR= 17.17 27.1Y is

>80% higher than in the gel case (9i16.09Y ) The Wr=60.4Y at t he doyde of t h
is almost three times as high as the charge transfer resisfdnsewas not the case in gel
separator, as the ' is only 50%Ilarger tharthe Ry in all EIS resultslt can be inferredhat the

Nafion separator is not favorable for theO¢ || AQDS system, for not allowing protons to

diffuse through easily.
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5.3 Summary

This chapter studied the electrochemical properties of AQDS(2,6) and the fulineelés from
AQDS(2,6) anolyte and XDs-based catholyte. The resusisowthat AQDS(2,6) water solubility

and electrochemical reversibility can be improved by adding 0.71 M EG. The first part of this
Chapter also suggested that the irreversible adsorption behavior of AQDS(2,6) on porous carbon
electrode surfaces can be mitigated by the addition of EG.h@tieell study predicted the
energy losses of the full ceAn extensive study of full cell energy los$esm chargedischarge

and electrochemical impedance is provided in this Chapierfull cells have been studied for at

least 100 cycles. The gel separator cell has the best performance, with over 80% energy
efficiency and less than 3% capacity loss after 500 cycles. Overall, the findings in this chapter
provide insights into the application of AQDS(2,6) an®D¥in long cycle life RFBs.
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Chapter 6. Conclusionand Future Work

In this thesis reports onfindings for two new prospective RFB materjal¥>.0s and
anthraquinone,6-disulfonate sodiumi AQDS(2,6), are provided The electrochemical
screening, solubility & kinetics improvement of raw materialgeported in Chapter, 4and
battery predictioni assessment framewoikreportedn Chapter 5

6.1 Conclusions regarding \bOs as a prospective starting material for RFB

Vanadium pentoxide is a covalently bonded material that has low water solubility. Despite
having high theoretical capacity and low cost, its precipitation hindered its application in VRFB.
For the first time, it was prepared in a medium sulfuric acid concentration of 3.5 M and remained
soluble over the course of one hundred days. The stability of soleatedyl ionsvas enhanced

by the addition of 0.077 M methanesulfonic acid, which provided extra protons and increased the
solvatedv a n a d y dtabilityoredsciing their chances of forming larger clusters. Similarly, the
addition of 0.61 M hydrochloric acid increased the solubility of vanadium pentbzisied
solutions by providing extra protandCl also providech complexing agenthe chloride anion.

CI" helped stabilize the solvate@nadyl ionsby reducing their surface chardgehe addition of

acids lighter than 5Oy like methanesulfonic acid (MSA) r  HCI increases the
conductivity by at least 10%, from 465 mS/cm tb75 532 mS/cm.The addition of MSA
increased the electrochemical reversibility of the sluggisb@?2* redox couple by increasing
the el ectrol yt e@<slectnodd, tesulting liniatoyold mecrease mediffusion
coefficient and threold increase in kinetic rate constaihe addition of HCmadethings even
better. Itincreased the electrochemical reversibility of thex¥@0?* redox couple by changin

the reaction mechanism from outgrhere (long distance between active material and electrode
surface) to innesphere (shorter distance between a&ctimaterial and electrode through a
bridging CI layer). This resulted iran overthreetime increase in diffusion coefficient and
kinetic rate constant, bringing the kinetic constant to a higher magnitu®®afm 3!, almost
guastreversible Raman spectroscopy results confirmed the formation of redspmziesduring
electrolysis. The UWis spectroscopy results identified a 3% reduction innVé&@ncentrations,
proving that HCI reduced VO to VO?* slowly. This chemical change HCI caused the ¥O
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concentration is nogntirely anegative trade, considering the reaction kinevic$iCl-additive

solutionsdecreasedt most5.16% after a hundred days.

6.2 Conclusions regarding AQDS(2,6) as a prospective starting material for RFB

Anthraquinone2,6-disulfonate sodiumAQDS(2,6),is a prospective active material for RFBs
due to its water solubility, high theoretical capacity, and predicted high electrochemical
reversibility in aqueous solution3he solubility of AQDS(2,6) in acid was enhanced by the
addition of 0.71 Methylene glycol EG). The electrochemical reversibility of AQDS(2,6ps

also improved by the EG additive, making its péakeak separation lower, or lowering the
required energy to convert AQDS(2,6) to its reduced form. AQDS(2,6) suffers from strong,
irreversible, curreninefficient adsorption on carbon electrodes, especially on porous surfaces
like the case otarbon felt electroderThe adsorption, making the redox signals appear almost
100% incorrect, was mitigated to less than 5% incorrectness by EG. The additive helps the
diffusion of AQDS(2,6), facilitating the moving out of the electrode process more rapid,
therefore, decreasing the asymmetric currents. With EG, AQDS(2,6) diffusion coefficient

increases over 100 times.

AQDS(2,6), now with 0.1 M solubility in acid and EG, has a reaction potential almost 1.0 V
apart from VQ'/VO?*, This is an attractive option for organic batter®®DS(2,6) also owns a
high reaction kinetic constant in the magnitude of ¢®/s. The results from AQDS(2,6) studies
predicted that a cell could babricated and operate in a mild current density condition to

produce a lowresistance, highroltage cell.

6.3 Conclusions regarding the prospective cell made from a novel separator and
electrolytes based on ¥Os and AQDS(2,6)

Becausehybrid organic || inorganic battery allows for more enalggse opportunities, it is
worth to troubleshoot its lack of compatible separator challengesimple silica-gellike
material was prepared; it hakigh ionic conductivity (0.99 S at room temperature) and
acceptable activation energy (0.19 eV or 18.58 kJ/rbB.full cell made from the gel separator

and the above hybrid redox couple was able to run for 500 cycles and lose only 3% of its
capacity. The avasl3.B6VEh/L eandepeagoyer deasitywas 8 mW/cm at 1
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mA/cn? discharge currenThep ol ari zati on curve shows 3n Ohmi
which is 6.5% different fromhe electrochemical impedance Ohmic resistance resul8of8

Y ¢ fnThe cell has menergy efficiency of 80.4%, exceeding a lot of previously reported RFB
data.The spectrophotometer data confithe presence of the expected reduaedoxidized

species To compare with the stat#-the-art material, an identical full cell and change the
separator to Nafionwas set up The Nafion cell performs notably worse, losing 30% of its
capacity only after 100 cycles. Its efficieneas also worse, fluctuating arouadd below 6%.

This is due tpn o t only the high resistancdutalsetheed by
resi stance caused by Nafionds | ess favorabl e
results. Another crucial reason for the inferior cell performance was the active material

crossover, identified from EIS results and proven by spectrophotometry results.

These findings proved that AQDS(2,6) angD¥ are feasible materials for RFB applications, and

the gel separator was a simple method of facilitating that.

6.4 Proposed futurework

The current gel system demonstrated a low power density due to internal resistance and
activation resistance. It would be beneficial to study different electrode materials and
electrocatalysts to decrease those resistance values. There could also be a sesiiiem

catalyst to ensure no reaction asymmetry happens due to its sluggish kinetics. The different
pretreatment methods could impact tBéE0 s performance and wettabi
important to study different pretreatment or decorating techniques systematically. The

electrode/electrocatalyst initial screening metrics proposed are

High surface area, abundance of pores with constant diameters, favorable pore shape
High chemical stability, low degradation rate, negligible electrochemical degradation
proven by a wide electrochemical potential window

1 Simple fabrication techniques that allow for consistency

1 Low-cost material with littleto-no environmental concerns

In this thesis two common additives for X5 were studiedHCI 0.61 M or 5% volume was
deemed a beneficiadditive It is worth studyinga few more HCI concentratiorlewer than

50% volume/volume (to avoid chlorine gas evolutioli)one can determine each complex
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speciedconcentration in a solution and correlate it to electrochemical parameters, that would
provide an important insight into reaction mechanism and electrode | electrolyte surface
understanding. The complegspecieé concentrati on coul d be don
titration, computational studies, or spectroscopy studies (IR, R&WaNMR, 'H-NMR, and/or

UV-Vis). These electrochemical parameters and methods could provide insightful information:

1 EIS to study how thick the double layer is and how fast each process is (adsorption,
charge transfer, diffusion). EIS can also verify the reaction mechanism to see if there was
a new process or a decoupled multistep charge transfer process.

T CA to study how rapid the double | ayer i
diffusion process reaches steady state.

1 CV to study how reversible and rapid the reaction with different supporting electrolyte is
and to validate the EIS and CA data.

In this thesisAQDS(2,6)was studieds a prospective active material for RFBs in acidic media.

In neutral or alkaline media, when the reaction potential is even lower, AQDS(2,6) is also an
attractive candidate for hybrid inorgariicorganic or aHorganic RFBs. Preliminary studies
proposed Tiron as a potential catholyte material in less acidic medium (p#)).2Figure6.1
illustrates a prospective cell with up to 0.77 V potential, comparable exchange current densities

(hence, comparable kinetics, unlk@h Vo0Os) , and | ow charge transfer
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Figure 6.1. Half-cell studies of the prospective TiroAQDS(2,6) couple for RFB.

There is also another possibility of AQDS(2,6) andveltknown, highly reversible inorganic
speciesPrussian blue analg@BA) materials in basic mediunBecausehe silica could not be
dissolved in metal hydroxide solutiodse to the chemical reaction between Sa@d OH, one
could usedN&SiOs, NaHCQ, NaHPQs, or other alkaline pH creating salfigure 62 shows a
preliminary charge discharge run of thesN&(CN}) electrolyte and AQDS in basic medium.
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Figure 6.2. Trial run of an alkaline cell oAQDS vs Ni#e(CN}.

For higher energy & more realistic applications, it would be beneficial to study the upscaling
and/or flowing system of any of the mentioned cells with gel sepa@ta. could start by
designing a flow cell with higher volume, optimize the flow rate, then move on to either
continuing to upscale the volume and electrode area, or stacking different electrode | separator |

electrode units together.
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