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ABSTRACT

RHEOLOGICAL AND ELECTRICAL PROPERTIES OF AQUEOUS
LITHIUM IRON PHOSPHATE SUSPENSION ELECTRODES

Y é |, 8aram
Doctor of PhilosophyMetallurgical and Materials Engineering
SupervisorAssoc.Prof. Dr.Si mg e Aygrar
Co-SupervisorProf.DrBor a Mavi K

January 2024145 pages

Developing homogeneowssispension electrodes characterized by low viscosity and
high electrochemical performance is critical for the feasibility of suspefisisad
electrochemical energy storage technologies. One of the essential criteria for
obtaining a homogeneous suspenssdo use noragglomerated particles. However,

the use of agglomerated particles is unexpectedly common in most studies. This
dissertation is focused on addressing the current gap in understanding the impact of
the agglomeration characteristics of eleattive materials on the microstructure,
flow, and electricaklectrochemical response of aqueous suspension electrodes and
used lithium iron phosphate (LiFeRQLFP) as a model system. First, a procedure
was developed to synthesize individual LFP particldse results highlighted the
significance of possynthesis processes not only on the agglomeration state of
particles but also showed its influence on their electrochemical response. Second,
the suspension formulation was optimized to obtain homogensosigension
electrodes capable of loftgrm stability. This optimization was a priori to acquiring

stable and reproducible electrochemical impedance spectroscopy results. Third, the



influence of the particlesd agsgiccswamer ati on s
compared regarding i ts i mpact on suspensi
characteristics, flow behavior, and electrical conductivity. This study showed that

utilizing individual particles enabled an increase of 50% in the solids content in the

suspensions while preserving their flowability and electrical conductivity. Lastly,

fructose was used for the first time in an aqueous suspension electrode. Adding

fructose noticeably enhanced the suspension electrode's discharge capacity and
polarization Although the underlying mechanisms of these improvements are yet to

be studied, using the optimum amount of fructose increased the initial discharge

capacity of LFP particles from 129 mAh/g to 151 mAh/g in an agueous electrolyte

Keywords: Suspension Elémde, Agglomeration State, Flemssisted Energy
StoragelL.ithium Iron Phosphate&uspension Microstructure
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¥Z

SULULKTYUM DEMKR FOSFAT S| SPANSARWOIN ELEKTR
REOLOJKK VE ELEKTRKKSEL ¥ZELLKKLERI

Y é |, B8aram
DoktoraMe t al ur j i ve Mal zeme M¢hendi s
Tez YO°netbDrSimget & nABYOg-¢ N
Ortak Tez Yneticisi:Prof. Dr.BoraMa v i K

Ocak 2024145 sayfa

D¢kek viskozite ve yeéoekae&khiep etkamojke mysassap
el ektrotl ar én g el i Kk telektrokimyasak enerji depplampaa n s i y c
teknol oji |l eriin-iuny gkurliatniakbi®nerd jsahiptir.
el de et me lirkriteragioméreoknajp ar - a o & k la @ mrechkt € r .

bekl enmedi&glbo me ke lephdurdl ¢ aacnéekméar- oj u - al & K m:
Bu tez, elektroaktif malzemeleriaglomerasyor? z el | i sulusg s pansi yon
el ektrotl aréenén mi k relekirekinmgasaétepkisa k e x € nd e k ie |

et ki sini anl amadak.i me v c wd motlebsisteruglaek e | e a
lityum demir fosfat (LiFeP@Q L FP) k.KI k a utakielLERpéarr -1 saacr &€kn
sentezl enmesi I -1 n Bomuptasedgredegrelzi swoinr

sadecepar - ac@f¢gl amémnasyon dur umu czerindeki
kal mameéexk, ayne Zzamanda el ektroki myasal
gestermi ktir. Kkinci ol ar ak, uzun sg¢r el
el ektrotl arién e$ gd=p aentsmeykoonp t-fi anri m&el aesdyiolnnmui K |
optimizasyon, kararl & ve tekrarlanabilir

sonu-1| ar é el de et mek. i}--ianclyp ao l-anccedkl |ig reé
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agl omerasyon dur umunzuenr i enldelkti r oett k% z=a |, | isk¢l seprai
mi kroyapése, per kol asyon °© zgelillietlkeerni I,i ] ak éK
czerindeki et ki si a-éséendanhekkdr kphakneekl
kull anéhm&kse& kanl ék veéeruwpdecekitde, s gkpaesikegahi]i
i -eri ganhéekmadde i -erijinde %50"' ISork bir art
ol ar ak, il k kez sulu bir s¢spansiyon el ekt
ekl enmesi , sé¢Spansi yon el ektrodumnun dekar |j
bel i rgiinyikleekkitli@emikeliirk mel erin altéenda yatan
arakter edampmémum| saukt oz mi kpgarmr-eéacak lkad é mare |
bakl| aregéa-r | kapasitesini sulu ©bir el ektroli
yéksett mi

Anahtar KelimelerS¢ s pansi yon El ektrot, Agl omerasyon
EnerjiDepolamal. i t yum Demir Fosfat, S¢spansiyon Mik
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CHAPTER 1

INTRODUCTION

The global energy demand continues to rise steadily due to the natural consequences
of rapid population growth, the desire for highality goods, increased prosperity,

and the ongoing modernization of socie{ig2]. The overuse of fossil fuels, their
limited reserves, rising energy priceend energy security raise concerns about
energydemand Therefore, gvernment policies and incentives support the shift to
renewable engy[3,4]. Since renewable energgsources exhibit seasonal, monthly,

and even daily fluctuations, it is not possible to acquire power at a steady rate from
such resources. Thus, it compels us to store the energy generated from renewable
sources to compete with fossil fuels and ensurasility [5].

Energy storage technologies are classified according to converted energy, which is
chemical, mechanical, electrochemical, cryogenic, or direct electrical energyestorag
[6]. Electrochemical energy storage (EES) provides a versatile, scalable, and
efficient means of storing and delivering electricity. EES systems can be classified
as () stationarystatic devices (solidtate battery or supercapacitor) angl ffow-
asssted devices (redeftow batteries, suspensidmased flow systemgJigure 1.1)

[7]. Stationary EES systems have playesigmificantrole in developingportable
consumer goods like laptops and mobile phones and in efforts to endetdc e
vehicleg[8]. Compared to stationary systems, flassisted electrochemical systems
(FAES) provide greater scalability and flexibility design.Thus, they have been
intersely scrutinized for griccale energy storage. The most outstanding feature of
FAES is the decoupling of energy and power units, giving flexitdependent
construction opportunitig®].
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Figurel.1 Schematic representation and basic working principles of stationary and
flow-based electrochemical energy storage systéa)slithium-ion battery, (b)

supercagpcitor, and (c) redox flow battery

A typical example of an FAES is a redox flow battery (RFB) RFB isconstructed

via dissolving redoyactive materials (vanadium, cerium, bromide, etc.) within the
electrolyte referred to as anolyte and catholyte. &leetrolytes in the external
reservoirs are continuously circulated through the electrochemical cells for charge
or dischargd10]. Although various materials have been studied, vanadium redox
flow batteries (VRFBshave becoma hot topic due to the prominent characteristics

of vanadium[11]. The vanadiumbased systems are prevalent and have reached
commercial fruitim. However,the solubility limits of vanadium compoundare

those systems' majproblems The low solubility of about 2 M remains the limiting



factor preventing intensive use as it results in relatively low energy density (~25
Wh/L) [12]. So many effortsvere spent, and new strategies or approachese
proposed to overcome the solubility challenge of these systems. Susgeasson
systems, where particles are dispersed (insoluble) rather than dissolved in the
electrolyte, have attracted attention as one ofribstpromising ways toncrease
energy dengy [13,14]

1.1  SuspensiorBased FlowAssisted Systems

The fundamentalchallerge in RFBs is the solubility limit of the electroactive
materials (EAMSs) used hereforegffortsweregenerallydirected toward increasing
the solubility of the materialgl5]. However, considering that most redactive
materials are insoluble in electrolytesfferent strategies or approaches should be
developed. Suspensurasedflow-assisted systems (SFA&)present one of the
latest and most promisingethod to fulfill largescale energy storage demands.
SFAS includes the implementation of insoluble EAMs in RFB configuralibaos,

it benefits from the high energy density ofidgarticles and the unique architecture
of RFBs[16]. By usingsuspensions as electrodeg finimary concern related to the
solubility limitations of RFBs would be passed avé&herefore it enabés the

production of systems with increased enepgyver density17].

In an SFAS, an energgtoring suspension is created tigpersing a mixture of
electroactive particles and condwetadditives (CA) in a suitable electrolyjs],

as presentedn Figure 1.2 Chiangbs research group ( M:
Technology, MIT) introduced the first proof of concept of SFésing different

lithium-ion (Li) chemistries[19]. In the first demonstration, suspensions with a

nominal molarity concentration of almost 12 M were obtaifibe theoretical power

density of suspension flow batteries was shown to be 58D Wh/L (with

operational lossesYhis means nearly 2fbld higher energydense systems could

be achieved compared to VRFBs&ich a significant leap in energy storage highlights

the potential of SRS to meet the future demand for largeale energy storage.



Moreover, the concept of suspension electrodes also brought additional benefits to
the FAESSs. First, it is not restricted to one chemistry as in RMBSEAM (Li [20i

22], Na[23], polymerdg24], carbon derivativeR25], etc.) can be utilized as long as

it is dispersed in an electrolyte. Besides, SFAS is a more economical tiace
RFBs because it does not requiasstly ion-selective membrang49]. The variety

of usable EAMs also allows fareatingmore economical alternatives

Electroactive ~ Conductive  positive / Negative
Material Additive lons in Solvent

Figurel.2 A typical suspension electrode specimen iflodtration of its content.

The SFAS can be characterized or classified according to charge storage mechanisms
as faradic, capacitive, and hybrid (a combination of faradic and capacitive).-n grid
scale energy storage, suspension electrodes baseddio &waage mechanisms can

be employed. On the other hand, capacitive stebaged suspension electrodes are
convenient for use in wastewater treatment, capacitive deionization, arstgied
energy storage. Flow batteries and capacitors equipped vgiplerssion electrodes

are two main systems under investigation for-gaedle energy storage. The working
principle is similar to traditional solidtate systems, yet the electrodes are not dried

and flowable dynamic systems. Intercalation/deintercalaticaredn the EAMs in



the flowbattery system, while accessible surface areas of active materials are

covered with ions in the case of the flow capadi?6i.

Although the commercialization of RFBs hatready come to fruition, SFAS
technology is in its infancy stage and has a relatively short hisabmyost a deaie.

An MIT spinout, 24M Technologies, made progress in facilitating the manufacturing
of lithium-ion batteries(LIBs) and developed a pouch cell that uses suspension
electrodes. However, there is no laggale installation of SFAS available. The
critical bottleneck to commercialization and widespread use is the poor flow
characteristics of prepared suspens[@6s18]. This scenario indeed influences both
working and research conditiorior example, although the working principle is the
same as in other conventional systems, imisossibleto see a welestablished or
default working system in research. Therefoteidi®es proceed by setting up a
suitable cell arrangement in the laboratories and testing the electrodes. A noteworthy
aspect is the variety of cell configurations used to measure the electrochemical
performance of suspension electrod2g]. The reported working cell types and
operational modes are schematizedrigure 1.3. As depicted in Figure 1.3, three
configurations are primarily utilized. The C1 configuration can be arranged as both
a haltcell and a fulicell. The counter cell is organized with a stationary electrode
(typically a lithium foil) without any flow in the halfell configuration. In this
configuration, the suspension electrodes in the external storage tanks are circulated
throughthe electrochemical cells for charging or discharging procd26¢sThe

high viscosity of suspensions prompted the suggestion and adoption of various
operating modes in SFAS. In a flalwough system (i.e., RFB), the anolyte or
catholyte is continuously transported from the external tank to the electrochemical
cell with aspecificflow rate, and there is a circulation. The viscous nature of the
suspension electrodes poses challenges to the feasibility of this mode of operation
due to the high energy dissipation. For example, Duduta et al. showed that the energy
required to circula the suspension comprised 22 .%ollithium cobalt oxide
(LiICoO») i 0.6 vol% CA accounts for almost 45% of the total energy drawn from
the systenj19].
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Figure 1.3 Proposed cell configurations and operational modes to evaluate the

electrochemical performance of suspension electradgs flow-through system,
Cl-a: half cell,lithium counter electrode, Gh: full cell, i: intermittent mode, ii:
continuous flow mode (hatfell presented)C2: modified Swagelok cell; C&: half
cell, lithium counter electrode; CRB: full cell, suspensions are present in both sides
C3: beaketype cell,C3-a: vial system with working electrode as ctype, C3b:

vial system with a suspensiasworking electrode.



High viscosity and the accompanying high energy losssaverechallenges for
commercializingSFAS. Therefore,it encouragedhe considerabin of alternative
operating modes (i.e., intermittent mode, as showRigure 1.3 (i)) to improve
energy efficiency[28]. In the intermittent flowcase, an aliquot of suspension
electrode is conveyed into the electrochemical cell. After twoemplete
charge/discharge cycle, a fresh aliquot is introduced to the oellihee process
repeats. However, it remains a fact that in numerous studies, suspension electrodes
were characterized without flowA modified Swagelokype cell is used in the C2
configuration(Figure 1.3)29]. In this configuration, a compartment is created where
the suspension can be placed using spacers with a certain thickness. A hailf or full
cell setup can also be realized. In this configuration, which seems to be used in most
investigations, the performance of the suspensions is studied under static (non
flowing) conditions[30,31]. Finally, the C3 confjuration with beaketype cells is

also a preferred design for analyzing the performance of suspension eledihedes.
suspension prepared as the working electrode is placed in a {gakerell. A
current collector, counter electrode, and referencerebietare connected to this
suspensiofi32]. Here, the electrochemicedsponsef the suspension electrode can

be analyzed in a static state or by stirring the suspension at a certair{Fgaesl

1.3 (C3Db)). There are also investigations whehe tapplicability of particles in
suspension electrodes was explored, followed by transforming the electrode into a
solid-statecomposite electrode and studying it itypical 3-electrode setufigure

1.3 (C3a)[33,34]

To enter the commercial market, suspension electrodes must possessadsiiy.

This ensures that the pump power to circulate the suspension remains minimized to
the greatest extent possible. Imadiuntbased systems, pump power loss is around
3-4%, and the viscosity of these systems is arounehPa& [35]. Therefore
decreasinghe viscosity of suspension electrodes to levels comparable to these
valuesfor commercialization is imperativeConsidering that vanadium systems
function as electrolytes with dissolved patrticles, the nature of these systems is

notably inviscid So,reaching these viscosity levels at suspension electrodes loaded



with large amounts afolid particles can be exceedingly challengiMgreover, the
suspension electrodasustexhibit high electrical conductivity to facilitate rapid and
efficient charge transfeéhroughthe percolatechetwork structure. Despite frequent
emphasis on the importance of high conductivity in existing stualigsrecise value
is given Notably,different values are recorded in manyds&s[20,36 40].

1.2  The Importance of Suspen®n Microstructure and Homogeneity

An energystoring suspension employed in FAES serves as a dynamic system
throughout the occupanchn other word, the particlgarticle and solverparticle
interactions in suspension are doobus[31]. Therefore, the flow characteristics

and electrochemical behavior of suspension electrodes are closely linked to the
suspension microstructure, which refers to the arrangeamshtdistribution of
particles in the liquid41].

The suspension homogeneitgfers tothe uniformity and consistency of the
microstructure. There is an increasing emphasis on the importance of the
homogeneity of the suspension used in EES systéms.shift is attributed to its
positive effects on enhancing electrochemical performance and improving the
overall processability of the electrodd&i 45]. First,homogeneity is essential while
establishing conductive and percolated networks by distributing a minimum amount
of CAs between EAMs. Inhomogeneous distribution of EAMs and/or CAs, i.e.,
formation of CA or EAM clusters in electrode microstructure, breaksndor
destroys the conductive pathways. This limits, if not wholly prevents, the charge
transfer within the electrode and worsens the electrochemical perforrigjce
Second, homogeneity is critical in olpiag low suspension viscosities. It is well
known that homogeneous suspensions have lower viscosities than their
inhomogeneous counterparfd7,48]. Agglomerated or clustered structures in
inhomogeneous suspensions contain immobilized water in their strudtoise
situation increases the effective solids fractioresultingin higher sispension

viscosity[49,50] Moreover, suspension homogeneity holds significant importance



in terms of operational procedures, which are paramount for the feasibility and
commercialization of SFAS.he viscous nature of heterogeneous suspensions can
lead to relatively high energy consumption for suspension circulation, blockage in
transfer pipelines or channels, .11 53]. Hence, developing optimal suspension
microstructures, characterized by a uniform distribution of CAs and EAMs dsicru

for the feasibility of SFASs and their integration into energy storage systems. This
achievement is integral to attaining the desired viscosity and electrical conductivity
to create highperformance electrodes

1.3 Literature Survey of SuspensiorBased Fbw-Assisted Systems

Suspension microstructure is essentially governed by suspension features such as
particle concentration, particle size, shape and type, dispersion uniformity, stability,
and solvent properties. Numerous studies were devoted to undergtan
microstructural evolution and improvisgispension electrode dispersion quality and
stability. Existing studies are broadly categorized and summarized under three sub
headings: i)effect of suspension composition, @ffect of particle characteristis,

and iii) improvemenbf suspension microstructure

1.3.1 Effect of Suspension Composition

The composition of the suspension electrode components was evaluated for their
mutual influence on the microstructure, electrochemical behavior, and the
processabilityof the electrodesThe proposed working principle of suspension
electrodes depends dorming a percolation networkA percolation network is
established by CAs to facilitate electron transport in the electrode structure. CA is
also essential to compensé#be the low conductivity of EAMg26]. As expected,

the CA B the root cause of the electrical conductivity of the suspersarcewith
increasing CA, more conductirgystemsare obtained. Howeverthe suspension

viscosity increased significantly wharsing CAs,even in small quantitiesd~or



instanceSuet al. reportedorming a percolated structure in suspensions containing
10 wt% LiM no /& 3PQs (LMFP) through the addition of 0150.6 wt.% CA, namely
Ketjen Black (KB)[37]. Adding this small amount, which resulted in nearly a-100
fold increase in sugmsion conductivity, also caused dok rise in suspension
viscosity. The use of CA in suspension electrodes is critical for better conductivity.
However, it reduces the loadable EAM to the structure (dhigtoviscosity), which
limits the energy density. A suspension electrode can also be engineered without
usingCAs[54]. The pioneering study eliminating Gfom suspension demonstrated
that the suspension electrode approach could work based on gaatiodde and
particle-current collector interactior{§igure 14) [32]. Considering that most EAMs
have very low electrical conductivitigs5], such an approximation necessitates
different developments/adjustments in the cell desiyet, this brings another
challenge to suspension electradsearchlf we analyze the impact &A on the
microstructural variation of suspension electrodékin this coriext, it was shown

that eliminating CAcan reduce suspension viscosify6]. Additionally, it was
demonstratethatEAM content (LiFeP®@(LFP)) that can be loaded per unit volume
can be increaseldy up to 40%showing an energy capacity of 68 Ah/L with 3D

current collectors
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Figurel.4 Charge transfer mechanisms in the suspension electrodes; (a) conductive

additivebased percolation network and (particleparticle and partickeurrent

collector collisions.
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A significant advantage of the suspension electrode approach lies in the broad range
of materials that can be utilized in these systemsvals observed that several
materials that exhibit botrafadic[57,58] and capacitivg59,60] propertieswere
tested in dferent studiesPreparing suspensions with high EAM content is essential
to obtaining a system with high energy dendipwever, it was demonstrated that
the concentration of EAM has a notable impact on suspension microstrudtere
EAM content significantly influenes both the electrical conductivity and
rheological behaviolA relatively higher suspension concentration (comparéieto
literature) was achieved by Li et al. in aqueous electro[@&s In the study]15-20
vol.% LFP and27 vol% LiTi2(PQy)s (LTP) (for 1 vol% KB) were obtained.
However, only 5 vaPe augmentations in LFP content (from 10.%@ko 15 vol%)

for the suspension with 1 vé&b KB exhibited nearly 5 times higher viscosity at the
shear rate of 10%s Comparable éhavior was noted in suspensions containing LTP.
However, it isessentiato highlight that the viscosity values of suspensions prepared
with LFP were significantly higher than thosguippedwith LTP. This implies that

the types or properties of the emy#d EAM influence the microstructure, which
will be discussed in detail in tHellowing subheadinglt was demonstrated that
obtaining suspensions with high EAM content can increase energy density
However, it is noteworthy that electrochemical analyséswaspension electrodes
weremainly conductedvith significantly lower EAM contenivhich may stem from
their pastdike structureg36,61]

The CA to EAM amounts ratio was also critical in obtaining the desired
interconnected and highly conductive percolation netwdrket al. showedhat
conductivity in suspensions prepareih 07 2.5vol.% KB and 10° 20vol.% LFP

can only be achieved after a certain amount of CA is rea@@&dBesides, the
critical valuewas foundo depenan the active particle loading amount (Figure 1.5)
For instance, to achieve thdectrical conductivity exhibited by a suspension
containing 20 va% LFP and 1 vot KB, it was demonstrated that 2.5 ¥6/KB
must be added to a suspension with 10%dlLFP.Forming a percolad network

structure in systems with high particle loadsggms possible with much less carbon

11



addition Thismay be attributed to increased crowdedness in the structure and the
carboncoatednature of EAMs However, in bothrelatively higher or lower EAM
content the presence of the reticulated structure catisesviscosity values to
increase to levels that prevent flohhe optimum ratio of CA to EAM was also
emphasized by Youssry et §2]. In that study, the effect of EAM content on the
rhecelectrical properties of kTisO12 (LTO)/KB suspensions in organic medias
investigated They reported that too much increase in the EAM content (above 20
wt.% LTO for 2 wt.% KB) in suspension weakentt network strengthThis
resulted in a disjoint conducting network, inhibiting the transfer of electrons between
KB islands inthe electrode.Increasing the LTO content in the suspension also
decreased the overall viscosity as it disrupted the CA continliity. rupture of
conductive networks with increasietectroactiveparticle loadinghas beemeported

in other studie$29,63]. The findingsrevealed that capacity decreases were due to

the inability to use some electroactive particles effectively
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Figurel.5 Variation of suspension electrical conductiwityncerninghe amount of
electroactie materiaandconductive additivg36].
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Considering all these aspects, it becomes evident that the suspension's composition
influences the electrode's microstructufieherefore, itis the decisive factor in

suspensions' flow anelectrochemical response

1.3.2 Effect of Particle Characteristics

Particles dispersed in a suspension can exhibit different dispersion characteristics
due to many properties such as particle size, dimension, morphaloggspect

ratio. This can lead to signdant variationin the suspension microstructuend,

hence, thecorrespondinglow and electrochemical behaviorhe particle size of

both CAs and EAMswas shown to bea critical parameter influencing the
microstructure of the suspension. In one exanthkpercolation characteristics of

two common CAs, KB (square and 300 nm) and Super C45 (spherical and 750 nm),
were investigated by Youssry et #§4]. The research revealed two significant
rheological concentrations for both suspensions: the transition from liquid to weak
gel structure and the tratisn from weak to strong gel structure. The critical
rheological transition concentration ranges were lower in KB suspensions compared
to C45 suspensions. Viscosity measurements further supported these Vakies
suspensions formed with larger CA particldad lower viscosity than their
counterparts. The electrical percolation thresholds of the suspensions were also noted
to vary based on the size of the CA. While the sample prepared with KB exhibited a
conductive pattern at 0.003 W, this value was detmined to be 0.014 véb for

the C45 suspensidifrigure 16).
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Figure1.6 Dependence of the electrical percolation threshold of the suspension on
the size and type of employed conductive addif@eKetjen Black (KB, square and
300 nm) and (b) Super C45 (C45, spherical and 750 adapted from ref64]).

In another study with EAMs of similaspect ratipCampos et al. revealed traat
increase in particle size resulted in a suspension with better flowdbbikyThey

also found that the aqueous suspensions, prepared with irregularly shaped activated
carbon (AC), exhibited the highest viscosity compared to those with spherical carbon

beads, as shown in Figuter.
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Figurel.7 (a) Scanning electron micrographs informing about the size and shape of
electroactive carbon beads (CB) and (b) Rheological behavior of suspensions
regardingdifferent solids content (adapted from.i{@&5]).
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The morphology andimensions of the CA and/or EAM were other factors affecting
suspensions' rheological and electrical conductivities. Percolation characteristics of
CAs with different dimensionmorphologies (carbon black, carbon nanotubes, and
graphene nanoplates) on sespion electrode behavior were examined by Akuzum

et al [66]. It was reported that agglomerate formati@mdencyinfluencedthe
packing efficiency of particles with various aspect rafidgeelectrical conductivity
increased with increasing CA contetion regardless of the particle morphology
However,the difference in resulting volumetric occupancy, which depends on the
particle morphol ogy, determined the 1 esi
rheological respons&he best compromise between electrochemical and rheological
performance was provided by particle morphologies that enable the maximum
material packing achieved before the rheological percolation threshadahother
study,Suet al.investigated the inflence of EAM morphology (nanorod, nanosheet,
nanoparticle)40]. The suspension viscosity@ electrical conductivity increased

with EAM content up to 20 wt.% for each particle morpholagyfixed CA
concentration. At higher EAM contents, suspension viscosities continued to
increase However,conductivity values decreased as the percolatedtstaubroke

down due to the increased crowdedness of EAM. The flow characteristics of the
suspensions were also found to depend on the particle morphology regardless of
solids content. Suspensions prepared WHAM in the form of nanosheets

consistently exibited the highest viscosity

Studies on thempact of EAM and/or CA patrticle characteristiégs suspension
electrodesevealedhat the suspension microstructutew, and electrical properties
were susceptible tthe particle characteristicEhis signifies that theharacteristics
of the employed particlamustbe taken very seriously for suspension electrodes to

be commercialized and compete with current technologies.
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1.3.3 Improv ementof Suspension Microstructure

Reducing intetparticle forces through colloidal stabilization prevents the
agglomeration of particlesHence, itpromoes a more uniform distribution of
particles within the liquid medium. There are instances where this appweactiso

employed in studies related to suspenstectrodesii SFAS).

Employing surfactants or modifying the surface of particles is a common approach
to attain a homogeneous suspenstmcture.Due to two distinct particles with
potentially varying surface characteristics in the suspension electesdpkyying
nortrionic surfactants becomes a promising approach. This is becauseniwn
surfactants may hinder the flocculation settlement of gagtiand diminish the
contact between particle38]. This enhancement in stability is crucial for
maintaining a homogeneous suspension, ensuring optimalparfoe in electrode
applicationsMadec et al. showed the inclusion of a fionic surfactant, Triton X

100 (TX), reduced attractive forces between KB clustetise suspensioelectrode

[67]. Such an impact led to a more homogeneous distribution of KB without
disrupting the 3D conductive network in an L'KB suspensionThe homogeneous
dispersion of KB agglomerates allowed the wiringlbf. TO particles and improved
overall discharge capacity. It was also @bed that surfactant improves the
suspension viscosity by a factor of 10 at high shear rates. In another investigation by
Wei et al.,polyvinylpyrrolidone PVP) allowed for the indpendent adjustment of
particl esd s-paatibla systetjdr]. Adding P\fPereateda biphasic
structure, promoting a more homogeneous distribution of LFP and KB parTikiss
enabled the engineering of more concentrated susperdiectrods with
comparable flow behavioHowever, the eledral conductivity of tle acquired
biphasic structure decreased uporadding PVP. It contradiced the LTOKB
suspensionexamined by Madec e#l., in which t he suspensi onos
conductivity improved withrX-100. Similar flow and electricalesponse variation

was also reported bWu et al [38]. Agglomeration of silicon nanoparticlas

suppressed by the introduction of steric interactions due tattaehment of PVP

16
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polymer to the surface of particleShus the flowability of the suspension was
enhanced with a certain amount of PVP use. However, it was not valid through the
use of TX100in the same suspensias it reacted with salts in the suspensidrese
findings suggest that the impaot the nonrionic surfatants on theflow and
electrical characteristicof suspension electrodés somewhatcontingent on the

surfactantypeand suspensiocompaosition

Surface modification of EAMs is another choice to improve the colloidal stability of
the systems. Sterct a b i | i -EegOs (maghemitef waorealized by Timofeeva
et al. by grafting 3(trihydroxysilyl)-1-propane sulfonic acid on the nanopowders
[34]. The grafting of maghemite nanopatrticles' surface led to ayngadefold
reduction in the average particle size. It also improved the flowability of the
suspensionThe maximum amount of solid material loaded into the suspension could
be increased from 15 véb to 40 vol%. Although the viscosity was reduced, a

significant decrease in the specific discharge capacity due to grafting was noted.

The reported studieproved the significant effect ofstabilizing additives or

dispersant# controling the microstructure of the suspension electrodes.

1.4  Agglomeration Stateof Particles

When a patrticle system is characterized in terms of average size, it is assumed to be
composed of individual particlek refersto singleandisolated entities with distinct
boundaries. These particles are considered suspended in any rfigdid and
homogeneously dispersed. However, different forces, van der Waals, capillary
forces, or even stronger chemical bonds cause primary or individual particles to
adhere together andreate agglomerates. Agglomerated particles may display
varying progrties comparedto individual particles, with their behavior being
determined by the collective characteristics of the clustered parf®ds For
example, individual particles and agglomerates behave differently when dispersed in

a liquid. The variation in this behavior ibustratedin Figurel.8.
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Figurel.8 Possible state of the particles in dry form and a liquid media.

The soft agglomerates may either disintegrate into primary pertar persist as
agglomerates when dry powders are dispersed in a liquid. In contrast, hard
agglomerates cannot break apart; instead, they either retain their existing state or
merge into larger clusters. This difference in behavior results in variations i
dispersion stability since the agglomerates have a high settling rate in the liquid.
Furthermore, this variation in particle distribution also impacts the maximum
achievable solids content, a crucial factor influencing the energy capacity of the
suspengin. A suspension of agglomerated particles exhibits heterogeneous
behavior. The heterogeneity increases the corresponding viscosity, which poses a
significant challenge to processability. In addition, a detrimental effecthen
electrochemical response would seen. Therefore, the agglomeration state of the
particlesis an effective parameter fdhe ultimate suspension microstructure,
homogeneity of the suspension, and the corresponding electrochemical and
rheological responsd&hese instanceBighlight the importance of considering the
agglomeration state of particles arsuspension formulation. This consideration is

crucial for preparing suspension electrodes with reduced viscosity, enhanced
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electrical conductivityand increasst EAM content and obtaining a feasible energy

storage telenology.

1.5 Thesis Objectives

A detailed review of studies aimed at understanding the microstructural changes
and/or improving the microstructure of suspension electred®s givenin the
previous partThereportedstudiesvereprimarily focused on altering the type (EAM
and/or CA) and the amount of particles used and then determining an optimum ratio
for suspension compositiolowever,when creating a homogeneous suspension
formulation, one of the priorities is tseindividual and noragglomerategarticles

Then, it should be followed by steps such as controlling/improving the distribution
of particles in the resulting suspensionuating the composition of the suspension,
etc. The agglomeration state of the particles significantly affectsnthgimum
loadableEAM concentration in the suspension, suspension homogeneity, stability,
and flowability. Neverthelessthe influence and imptance of the particles'

agglomeration state have been overlooked in suspension electrode formulations.

This thesis aimed to clarify the impact of the agglomeration state of particles on
suspension electrodesd micr os éecttcatt ur e
electrochemicabroperties. To the best of our knowledge, there is no comprehensive
study to investigate this problem in depth, even in highly advanced suspbasgih
solid-state energy storage systems. (iLdBs, supercapacitors, etcJhereforethe
findings of this research will play a pivotal role in advancing the development of

improved electrochemical systems that involve suspension preparation.

In the current researcthdolivine-structuredcarbonrcoatedLFP was chosen as the
model EAM due to its wide use and superior characteristics for-srgle energy
storage, such as ndaxicity, cheap, abundant resources, and electrochemical
stability [69]. This approach or application was also assumed to be extended to

different chemistriesAlthough utilizing organic electrolytebenefitshigher power
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densities, safety problems are a big concern for tf¥&h Thereforea saferand
cheaper electrolyte is needém largescale storageAn aqueous electrolyte was
employed as a dispersion medium due to benefits like safety, affordability, and
higher ionic conductivityhanorganic electrolyte§71]. Moreover, it is known that
obtaining homogeneous dispersions is more challenging in aqegetemg72i

74].

It was noticedhat most of the commercially available powdg@nsluding LFP)are

commonly in the form of hard agglomerates (ornaixture of soft and hard
agglomerates) Since such particles almost chemically fused into each ather
breakingdispersing them, even using highergy tools or dispersants, difficult.

Therefore, the synthesis of EAMs with submicron simdividual, andchemically

nonfused structure was planned as the first stagihe present studylhen, the

experimental protocolbf suspensionpreparation was optimized tachieve a

reproducibleand homogeneous suspension structure in the aqueous electrolyte
system.Subsequentlyt he i nfl uence of the particlesd a
suspensiorelectrodecharacteristicsvas examined For comparisona commercial

powder (in the form of an agglomerated structure) and -ayrabesizeghowder(in

the form of anndividualdispersiblestructure)were usedThe prepared suspension

electrodesvere comparedegardingt hei r suspensionsd® microstru
characteristics, flow behavior, and electrical conductivity using oscillatory and

rotational rheological testad electrochemical impedance spectroscBpally, the

influence of fructose additionon the electrochemical performance adueous

suspension electrodes was examined for the firstitirttee literature

Taking into account all of these, the contentrd present thesis was arranged as

follows;

Chapter 2Influence ofPostSynthesis Washing Praggon Dispersibility of Lithium

Iron Phosphate Particles

Chapter 30Optimization of AqQueous SuspensiBfectrodePreparatiorProtocol
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Chapter 4Thelnfluenceof Agglomeration State dfithium Iron Phosphate Particles

on AqueousSuspensioritlectrodeBehavior

Chapter 5Effect of Fructose Additiomn Electrochemical Performanoé Aqueous

Suspension Electrodes

Chapter 6: Conclusions
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CHAPTER 2

INFLUENCE OF POST-SYNTHESIS WASHING PROCESSON
DISPERSIBILITY OF LITHIUM IRON PHOSPHATE PARTICLES

2.1 Introduction

The particle characteristics employed in a suspension govern the microstructure of
the system. The presence ajglomerated structures rather than individual and
dispersible particles in a suspension has detrimental effects on homogeneity,
stability, rheological behavior, and electrochemical respptd8,75] Therefore,
controllingthe agglomeration state of the particles is essential to obtakghajty

dispersions and meet specific requirements in SFAS.

It was realizedthat mostcommercially available powders, including LFP, exist in
the form ofhardagglomeratesBecause thegearticles have chemically fused, it is
challenging to break or disperse themhis renders the study of the impact of
particles agglomeration staten suspension behavionpossible Thereforgin the
initial phase of the current resear¢he synthesis of.FPs with individual and

dispersiblestructuresvas intended

The agglomeration states of the particles are directly associated with the synthesis
method. For instance, while solsdate synthesis mainly forms larger particles with
nortuniform and agglomerated structures, wet chemistdi@gor obtaining
dispersible particles. Wat al.found that agglomerated LFP particles, synthesized
via solidstate reaction, showed a broader potential range for litioam
(de)intercalationthan relativey nonagglomerated particles produced through
hydrothermal method$76]. The agglomerated particles also exhibited lower
discharge capacity and a 20% reduction in capacity retention. In addititve to

synthesis method, reaction parameters, i.e., temperature, dufafipnreagent
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concentration [78], the stoichiometric ratio of reagent$79], reaction
medium/solvent, and pHBO], were also reported to play a critical role in the
agglomeration state of particles. The generpt@gch in the literature is to optimize
these parameters to obtain the best electrochemical performance (high discharge
capacity, rate performance, low polarization, etc.) in-<{cBRtaining electrodes. In
addition to synthesis conditions;ocedures appléeafter synthesiare also critical.

The impact of washing and drying processes was extensively examined in general
particle synthesis; however, it was neglected in LFP synthesis. For instance, the
drying methoebased agglomerate development in silica panicles was
investigated by Rahmaet al [81]. They showed an effective reduction in the
agglomeration of particles with the drying technique in which conventional oven
drying led to the formation of haiagglomerated particles. In contrast, freeze drying
yielded discrete and monodispersed particles, with soft agglomerates providing a
higher suface area to the particles. The influence of washing on agglomeration was
primarily documented for ceramic particleKaliszewski et al observed the
formation of hard agglomerates when waslzimgoniapowders with water, whereas
ethanolEtOH)washing resulted in relatively soft agglomerdg82. This was found

to impact particle crumbling and affected the homogeneity of sintering. In a recent
study byNyongombeget al.,the impact of different washing solvents on the physical
and electrochemical properties ah EAM (layered double hydroxide material,
Nickel-CobaltAluminium) was investigatedB3]. Morphological variationgvere

noted, resulting in a ledike structure after water treatment, wHigOHand acetone
washing produced more closed structures with similar primary particles.
Furthermore, samples washed WiIOH or acetone exhibited lower charge transfer

resistance and higher capacitances than those washed with water.

The solubility of particles is a common phenomenon when a particle interacts with
a solvent, and the degree of this solubility depends on the solvent properties. The
solubility increases thelissolutionprecipitation rate between contact points of
particles, forming solid bridges and fused struct(i8d$. Besides, the discrepancy

in the adhesion behavior of particles during separation from different solvents may
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affect the ultimate structure of tegnthesized particleSherefore, both the solvents
used in the washing step and the order of their application can influence the

agglomeration state of the synthesized particles.

Despite he critical role of LFP as a commercial cathode material, thesyosgtesis
washing process's influence on the particles' physicochemical properties has been
neglected. Various solvents have been used in the washing step without considering
their impact on the particles' physicochemical propef88s88]. Moreover, some
studies did not mention the solvents used in the washing step. Hetain;step
washing process was designed following the synthesisritydle effect of washing
solvents on the agglomeration state of LFP particle LFP particles were
synthesized vidhe solvothermal methodnd polyol methodWe selected widely

used washing solvents, deionized water (DIW), and EtOH and changed their
application sequence in the washing step. Then, the obtained particles were
thoroughly characterized by morphological, particle size, zeta potential, surface area,
and hierarchical index (agglomeration state) analyses. Afterward, the impact of
washing conifions on electrochemical performances was compared in both organic

and aqueous electrolytes

2.2  Experimental Procedure

221 Materials

Et hyl ene gl ycol (EG, O 99. 5%) -phosphotichi um h
acid (HsPQu, 85%), iron (11) sulfate heptahydraieeSQAH.0, ACS Reagent) were

used for LFP synthesis. Carbon black (CB, Alfa Aesar), bagege
polyvinylidene fluoride (PVDF), and fhethyl2-pyrrolidone (NMP, Merck) were

used for composite electrode preparation. Lithium sulfateSQi, anhydrous,

99.7%) was purchased from Alfa Aesar and used for aqueous electrolyte preparation.
TechnicalgradeEtOH( 96 %) and DI W with a resistivit
the washing procedures.
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2.2.2 Particle Synthesis

Solvothermal Method

The LFP particles were synthesizthrough a solvothermal method in a 100 mL

Teflonlined stainless steel autoclave (Parr Instrument Company). The molar
concentration of Fé was fixed at 0.3 mol/L, and the reagent amounts were adjusted

according to the chosen stoichiometric ratio 6f BQ®, and Fé" ions, which was

set as 3:1.3:1, respectively. In the synthesis, 0.072 mol LiOH was first added to 80

mL of EG and magnetically stirred at 350 rpm for 30 minutes. To this mixture, 0.036

mol HsPQy was added and stirred for 15 minutes, tA€d24 mol FeS@¥H,O was

added and stirred for another 15 minutes. The resultant dark green mixture was
transferred into the autoclave. The seal ed
16 hours in an oven for the solvothermal reaction. The autoclaveapid$y cooled

to room temperature after the process was completed.
Polyol Method

LFP particles were synthesized using the polyol method, as explained previously
with the sampléabel LFRNA [89].

2.2.3 Washing Procedure

Upon completion of reactions, particles were first separated from the mother liquor
by centrifugation at 10,000 rpm for 30 minutes. Then, the precipitate was washed to
remove the reaction residues. To understand the effect of the washing
procedure/washingsolvent sequence on particle characteristics, the acquired

precipitate was washed with two different washing procedures:

i) In the first case, it was washed first with DIW and then with EtOH. The recovered
precipitate from the mother liquor was mixed widiwW. Following the mixing of
particles with washing medium, it was first magnetically stirred at 350 rpm for 15

minutes, then treated for 5 minutes with an ultrasonic homogenizer (Bandelin 2070,
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operating at %75 power ) e quangnpagndticalyi t h MS
stirred again for another 15 minutes. The supernatant and the particles were separated
using centrifugation at 7,500 rpm for 10 minutes. The same procedure was then
repeated using EtOH as the washing medium. This washing method wasl @sfine

W1,

i) In the second case, the particles were washed, first with EtOH and then with DIW,

using the same protocol in the first case. This washing method was defiw&d as

After washing, the synthesized LFP particles were dried overnight in an b@én a
A C. solvothermallysynthesized LFP particles were labeledSisand S2,
indicating that the W1 and W2 methods were used to wash tBiemiarly, LFP
particles synthesized by the polyol method were label&dasndP2.

224 Characterization

The crystalstructure of asynthesized particles was analyzed byay diffraction

(XRD, Bruker D8, CeKgr adi ati on) working between 10/
2A/ minutes. Scanning electron microscopy
at 20 kV was used to analyze the morphology and size of the particles. Before
microscopy examination, samples were coateith gold. Using the JEOL

JEM2100F, the higinesolution transmission electron microscope (HRTEM)

analysis was carried out. HRTEM samples were prepared by dispersing LFP particles

in EtOH for 45 minutes in an ultrasonic bath (Bandelin®KH). Then, sufient

dispersion was placed on a carbon film grid and allowed to dry.

Particle size distribution was examined via dynamic light scattering ([sSasizer

Ultra, Malvern)at 25 AC. The zeta potential of the particles was also measured using
the same apmice. Aqueous LFP dispersions with a solid concentration of 100 ppm
were used for these analyses. To obtain homogeneous dispersions, each suspension
was treated in an ultrasonic bath for 5 minutes and then 2 minutes with an ultrasonic

homogenizer (Bandeli@070, operating at %75 power) equipped with an MS 73
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probe (a = 3 mm) before t he measur ement s
(agglomerated ones) more clearly, particle size analysis using the laser diffraction

(LD) method (Malvern Panalytical Zetasizer P&) was also conductedeta

potential and particle size analyses were repeated three times with different samples.

The specific surface area (SSA) analysis was carried out with a Quantachrome
Autosorb 1GMS analyzer under a nitrogen atmosphere using theadierEmmett

Teller (BET) methodEquation 2.1 [87], established with the assumption that any
particle system is in spherical or close to spherical geometry, was used to calculate
the patrticle size correlated with the BET analy$ise theoretical LFP desity was

taken as the basis for the density value in the equation. The hierarchical index of
particles, the quantitative expression of the agglomeration state, was calculated by
dividing the value obtained from particle size analysis by the particlebiaged
from BET anal ysis. Here, the value of #Al0 i
the system and the resulting ultimate particle size are equivalent. In contrast, the
values above represent how many primary particles combined to form secondary

structures/patrticles.

QT (Equat)

001 0"AEWE ¢ @ ——
' YYa | Qw0Qe i Wod

The absorption bands at the surface of LFP particles were investigated using a
Frontier IR (Perkin Elmer) instrument equippedh an attenuated total reflectance
attachment. The Fourier Transform Infrared Spectra (FTIR) was collected between
4000 and 400 crhin the wavenumber region. Analyses were conducted using dried

powders.

For electrochemical characterization in organic electrolyte, electrodes were prepared
by mixing LFP patrticles, CB, and PVDF in NMP solvent (5 wt.% PVDRMP
solution) in a mixer mill (Retsch MM400) with a ratio of 60:30:10 by weight. The
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electrode suspensons wer e spread on an aluminum f
using the doctor blade method. To remove the NMP solvent thoroughly, the
electrodeswereprér i ed at 120 AC for 2 hours on a
the coatings were cutinto 188 mmec¢ cul ar di scs and dried un
for 12 hours before cell assembling. Lithium foil was used as the anode/reference
electrode, and a glass microfiber sheet separated the electrodes. lsMiss®ved

in a mixture of ethylene carbonate (EG)dadimethyl carbonate (DMC) (1:1 by

weight) was used as an electrolyte. The-balf assembling was carried out in an
argonfilled glove box. Cyclic voltammetry (CV) and galvanostatic chatigeharge
measurements were performed in the 2.4.2 V operatg potential range with

MPG-200 electrochemical station (Blapgic Science Instruments).

The electrochemical behavior of LFP particles was examined in the L3QdLi

agueous electrolyte using a thglectrode assemhblyrhe cell wasequipped with
platinumwire as the reference electrode and Ag/AgCl (3M) as the counter electrode,

as shown irFFigure2.1 (a) Nickel (Ni) foam attached to a nickel wire (Nickel 202,

0.8 mm in diameter) served as the current collector for the working electrode. For

this purposefwo Ni foams with a diameter of 1.4 mm and one Ni foam with a
diameter of 0.8 mm were used. Ni foams were washed with acetori&@Hhidor

10 minutes in an ultrasonic bath and the:
To prepare the working electte, the homogeneous electrode suspension was
prepared in a mortar by gently mixing the LFP particles, CB, and PVDF in NMP
solvent (5 wt.% PVDH NMP solution) at a ratio of 60:30:10 by weight. The
prepared suspension was thoroughly impregnated into svaall &nd then dried in

an oven at 120 AC for 12 houctceatedsmallNi wi r
foam, and two sides were covered witlore oversizedoams as schematized in

Figure 2.1 (b) The structure was pressed under 900 psi to obtain the ngorki
electrode. CV and galvanostatic chatiecharge measurements were performed in

the-0.37 0.8 V operating potential range with the VersaSTAT 3 (Princafpiied

Research) instrument
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Figure 2.1 (a) A homemade threelectrode setup used for electrochemical
characterizations iaqueouselectrolytes and (b) a schematic representation of the

working electrode designed to be employedqueous electrolyte measurements.

2.3 Results and Discussios

The ciystallinity of LFP plays a crucial role in determining its electrochemical
performance as it influences lithivion diffusion during charging and discharging
cycles. Reaction residues or impurities in the structure can lead to diminished
electrochemical péormance, affecting the system's overall capacity, rate capability,
and lifespan. Therefore, carefully choosing washing solvents is vital for removing
possible reaction residues effectively. XRD analysis of LFP, following treatment
with various washing $eents, offers valuable insights into the structural changes
and purity of the material. The crystal structure analyses of the synthesized particles
using two different washing procedures are present&igure 2.2 All distinctive

peaks in the XRD patterwere assigned to orthorhombic LFP structure with Pnma
space group, JCPDS card numbei6b84. No secondary phases were observed in
any sample, while the sharp and narrow peaks indicated good crystallinity of the
powders. Accordingly, pure LFP structumesre synthesized visolvothermaland

polyol methods and regardless of application sequence, combinational use of DIW

and EtOH effectively removed the reaction residues.
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Figure2.2 Crystallographie@xamination (XRD pattern) of LFP particles synthesized
with the solvothermaand polyolmethod and different washing procedures (W1
and W2). (W1 method: Particles were washed first with DIW and then with EtOH.
W2 method: Particles were washed first withkOB and then with DIW. S1
(solvothermal synthesized, W1 method), S2 (solvothermal synthesized, W2
method) P1 (polyol synthesized, W1 method)}?2 (polyol synthesized, W2
method).

The morphological and particle size variation due to the washing solgrersms

of the samples can be seen in the SEM imagégure2.3. The primary particles'
properties depend on the chosen synthesis method, and different ways may enable
the production of particles with distinct particle sizes and morphol¢@@gsUpon
scrutinizing the micrographs in Figuse2.3 @ - (d), it is apparent that the
characteristics of primaryarticles diffeed when employing solvothermal and
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polyol methods. The solvothermal process resulted in-seale(a few hundred
nanometers)squardike primary particlesThe polyol methodon the other hand,
yielded fusiform, submicrorsized, and disete LFP particlesEven though the
synthesis method predominantly influences the state of the primary particles, the
postsynthesis washing process plays a crucial role in shaping the characteristics of
the secondary particles. Comparing SEM imagesadothermally synthesized
particles at high and low magnifications reveals noticeable variations in the
secondary structures. The W1 procedure, in which the washing process was carried
out in the order of DIW and EtOH, resulted in particles of a few hundnedmeters

in size, discrete from each other, with clear particle boundéfigare 2.3 €)). In
contrast, in the W2 procedure, where the washing process was practiced in the order
of EtOH and DIW, large clusters formed by gathering primary particleshirgac

sizes of tens of micrometers, were obser(eigure 2.3 {)). Sedimentation test
samplesFigures 2.3i)) and {)), created through ultrasonic treatment of the particle
suspesions, coupled with SEM results, provide comprehensive insights into the
structure of these particles. Following éh6ur sedimentation test, it was observed
that the suspension prepared with S1 particles exhibited no changes. Therefore, S1
particles were able to form stable agueous dispersions. However, a small portion of
the S2particles stayed suspended in the supernatant (presumed due to blurred
vision), while the majority of particles accumulated at the bottbthevial. Based
onthese observations, these structures can be considered chemically fused and hard
agglomeratessince they did not dissociate even after undergoing-éigngy
dispersion For this reason, it can be inferred that the W1 procedure resulted in
typically individual and dispersible particles. The W2 method, on the other hand, led

to the formation of cheioally fused and agglomerated particles.
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Figure 2.3 Morphological examination and stability analysis in agueous media

(initial and 6 hours later) of LFP particles synthesized with the solvothennahl
polyol method and different washing procedures (W1 and WR2@gh magnification
SEMimagesf sampls(a)S1, (b) S2, (c) P1, (d) PBw magnification SEMmages

of sample (e) S1, (f) S2, (g) P1, (h) PZedimentation test of sampl@) S1, (j) S2,

(k) P1,() P2. (W1 method: Particles were washed first with DIW and then with
EtOH. W2 method: Particles were washed first with EtOH and then with DIW. S1
(solvothermal synthesized, W1 method), S2 (solvothermal synthesized, W2
method) Pl (polyol synthesized, W1 method2 (polyol synthesized, W2
method).

Capillary pressure arises from the presence of liquid within the interparticle spaces
of the powder. As the solvent evaporates, capillary forces come into play, affecting
liquid distribution wthin the powder matrix. Since the surface tension of DIW is
approximately three times greater than EtQR"esuls in a much higher capillary
pressure. Therefore, higher pressure in the DIsghed particle systershould
promote neck formation and briagj of neighboring particles that turn inbard
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agglomeratesAdditionally, surface ethoxide groups are possibly formed in the
replacement of DIW in wet cake upon EtOH washifige decomposition of those
groupsduring drying may inhibit the formation of neks between neighboring
particleg[82,91,92]

Although the washing step severely impacted the particle structure obtained by the
solvothermal method, it did not have the same effect on the particles synthesized by
the polyol method. In both waslg cases, particles with similar morphology and
particle size were obtained (Figur28 () and(d)). The dispersion characteristics

of those particles also showed similarity, as seen from sedimentation analyses
presented in Figure®.3 (k) and (I) Sincethe particles are submicron and seem
individual, highly stable dispersions were ensured in aqueous media without any
sedimentation for a long time. Seemingly, the effect of the washing step on the
particle structure depends on the synthesis method. Rbtexplanations for the
various responses in polyol synthesis are explored with other analyses in the ensuing

sections.

The physicochemical properties of EAMs play a crucial role in determining
electrochemical performance. These properties of EAMs megy di€cording to the
solvents used during washing and the order of their application. Therefore,
understanding the interrelation between par
washing procedure and optimizing these properties are essential for deyélghin
performance energy storage devices. The physicochemical properties of as
synthesized LFP particles are tabulated able 2.1. Zeta potential, the electrical
potential values on the slip surfaces, provide crucial information on stability,
coagulatio probability, and dispersion qualif93]. Particles with higher absolute
zeta potentials typically repel each other more strongly, increasing electrostatic
repulsion and preventing particle agglomeration. Therefore, a high zeta potential
value is desirabléo obtain homogenous structures with those particles. When the
zeta potential of the LFP particles was examiradidthe particles were negatively
charged, regardless of tilsgnthesis conditions or thegpplied washing procedure.
While a value of approximely -40 mV was recorded for the S1, P1, and P2 samples,
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this value was measured &l mV for the S2 samplés a rule of thumb, a zeta
potential valwue higher than N 30 mV ensu
force barrier between the particlg®4]. Such a valugrovides the electrostatic
balance that allows the particles to remain suspended in the media. Therefore, it can
be said thatll LFP particles have sufficient electrical potential to be considered
stable in an aqueous environmentekthough each particle appears to have enough
negative zeta potential to create a stable dispersion, the SEM and sedimentation test
images presented iRigures2.3 ) and (j) conflict with these results for the S2
sample. Both particle agglomerates argpakits in the pictures show that the
recorded zeta potential of sample S2 belongs to subrrsized particles suspended

in the supernatant, representing a meager fraction of the entire system. Hence, the
stability from the elevated zeta potential valbhewdd be ascribed to a tiny fraction

of the S2 sample rather than the whole system. On the contrary, the stability observed
in the other threesample, as evidenced by the loitgrm sedimentation test,
represents the entire system. Thus, it can be corcchhdé the applied washing step
following the solvothermal synthesis controls the stabditg dispersibilityof the

particles in agueous media.

Table2.1. Physicochemical properties of-agnthesized LFP pticles.

Zeta Particle

) Dso (DLS, Dso (LD, ) Hierarchical
Sample Potential N Aget (m?g)  Size (BET,
nm) Om) Index
(mVv) nm)

S1 -38. 6 175N0.4 - 33.8 50.7 35
S2 -30. 8 136N3.2 56.5N4.7 32.9 52.1 1084
P1 -409N 70 200N1.5 - 25.1 68.2 2.9
P2 -401KN1.2 206N 1.2 - 25.1 68.4 30

Aset. specific surface area obtained from BrunattanmetiTeller (BET) analysis, : mean particle size
measured with dynamic light scattering (DLS) or light diffraction (LD) (distribution basethtemsity).
(Particles washed through W1 and W2 methods in the washing step. W1 method: Particles were washed first
with DIW and then with EtOH. W2 method: Particles were washed first with EtOH and then with DIW. S1
(solvothermal synthesized, W1 method), S2 (solvotiesynthesized, W2 methpB) (polyol synthesized, W1
method) P2 (polyol synthesized, W2 methpd
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Since the washing step is considered
structures, the average particle size of these powders may be affEbeed.
comparison of the mean particle sizes of LFP samples measured with the DLS
method can be seen Trable2.1. P1 and P2 samples had average patrticle sizes of
around D0 nm, respectively. The resulisere in line with the SEM analyses
presented in Figurd. Accordingly, therewas no significant difference in the
size/size distribution of the particles when the polyol synthesis was completed with
different washing solvent¥he average particle sizes of the S1 and S2 samples were
175 and B6 nm, respectively. When considered together with both SEM and
sedimentation test findings, it is reasonable to conclude that the observed average
particle size in sample S1 is consistent. This is because sampeniseprimary
particles of several haimed nanometers with distinct boundaries, which can be
dispersed in the liquid for a long time without settling. However, when a similar
evaluation is examined for sample S2, the presence of immediately sedimented
particles and massive clusters observe®iM images Figure 2.3 {)) strongly
suggests that the particle size in sample S2 cannot reasonably be at thishievel.
DLS measurement is limited to a scale of a few micrometers and is unsuitable for
rapidly settling particlesThereforethese resultshould represent the sizes of tiny
particles that did not clustesomehowor could beseparatedrom each other by
ultrasonic homogenizatiom.D analysis was carried out for a detailed particle size
examination of the S2 sample. The results showed teatalumetric population of

the particles was around 56.5 micrometers overall, which correlatesand also

explains the quick settlement and large agglomerates.

Another critical property of EAMSs is their surface area. High surface area facilitates
bette contact between the EAM and the electrolyte, leading to enhanced
electrochemical reactions. The measured SSA of the particles can be Tabéftein

2.1. The results clearly show that the surface area of the pamiczesy relies on

the synthesis methodccordingly, the solvotermally synthesized particles have a
larger surface area than those synthesized with the polyol method. This may be
attributed to the size of the particles in the SEM images in FiguBgg) i (d). It is
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reasonable to expect that solvothermal synthesized particles will have a higher SSA
since they are composed of nestaleprimaryparticlesf each method is examined
within itself, having very close surface areas for P1 and P2 samples is reasonable
sincethe other properties, such as morphology and patrticle size, are similae.

case of solvothermally synthesized particleshsc e t he pri mary part
morphology shown in the SEM imagesHkigures2.3 @ and(b) are similar, it is
meaningfulto obtain close values. However, a slight variation in the SSA, i.e., the
relatively lower surface area of sample S2 than sample S1, ascribed to the
agglomerated structures that sample S2 comprised. As such, when individual
particles chemically fuse or hdre together, they form larger entities with less
external surface exposed to the surrounding environment. As a result, the total

surface area per unit mass decreases.

Particle size values calculated based on BET measuremeBkigudation2.1 are also
compared infable2.1. The estimated particle sizes of the sampigghesized by

the solvothermal and polyol methods were about 50 nm and 68 nm, respectively.
This indicates that BEbased particle sizes were smaller than the measured with the
DLS method. The comparison of hierarchical index values, i.e., an indicator of the
agglomeration level of the particles, is givenTiable 2.1. While this value was
around3-4 for the S1 P1, and PZampls, it was around a thousand for the S2
sampleAccording to the applied approach sampls S1, P1, and P2a few primary
particles combined or clustered to form secondary structures. However, in sample
S2, secondary stctures were formed by thousands of primary particles chemically
fused

When all physicochemical properties tabulated in Tadleand presented in Figure
2.3are examined, it is deduced that the washing step has different effects depending
on the synthesismethod. In solvothermal synthesis, it was noted that the
agglomeration state and physicochemical properties of the particles were
significantly impacted However,in polyol synthesis, these effects were not as
pronouncedThe different responses of the@agthesized particles encountered in

this study may be related to their surface properties, which may vary depending on
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the synthesis method used. FTIR analysis of the particles was carried out and
presented in Figure.2 (@ to understand the changes thie sample surface. The
peaks that appear at 120800 cm' generally belong to the fingerprint of LFP; that

is, they are characteristic peaks of LJPB]. While the region between 9451139

cmit is attributed to the P O stretching, the part between 40847 cmt is due to
lithium-ion vibration. On the other hand, the range between 1500 and 4008 cm

the primary region to beonsideredThis isbecausenformation may be gathered
regarding the ability of the various washing sequences to remove reaction residues
that may remain on the LFP surface throughout the reaction. The flat peak at
approximately 3450 crhis common to all samples due to #@H stretching. The
presence of hydroxyl is likely to originate from the trapped solvent between the
particles after wshing with DIW or EtOH. On the other hand, the peaks at 2981 and
2889 cm! correspond to theC and GH stretches, while those at 1382 and 1623
cm! refer to the C=C and C=C stretches. Despite all these bonds being observed

in all samples, extra peakg around 2300 cthwere noticed in the P1 and P2
sampl es. This peak corresponds to CIC bond:
bonds after the washing procedure is not expected. Therefore, these bonds are
assumed to result from the interaction of the tagats used with the solvent during

polyol synthesis

The difference in the surface structures of LFP particles is further supported by the

TEM nanograph presented in Figurd 2b). It shows that a different sheath quite

densely surrounds the-agnthesizd P1 particles. Combined with the findings from

the FTIR analysis (CIC scretching), this st
solvent, EG, which is the mother liqu&udies reported that some organic solvents

remain in the structure after polyol syntiseof LFP particleare also availablér'he

P1 and P2 samples showed similar morphology, particle size, zeta potential, and

SSA. Therefore, the inability to efficiently remove the organic solvent from the

structure may play a critical role in exhibitingndar physicalphysicochemical

properties for the particles synthesized via the polyol method, as our study showed.

The organic solvent, which could not be properly eliminated from the structure by
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washing, functions as a dispersing media for the pagydeem due to its dense and
viscous structureThis situatiorenabksa system with an individual and dispersible
particle that exhibits the same physicochemical features. Howthigewas invalid

in the solvothermal synthesis due to the possible reaktreetics and atmosphere

The postsynthesis washing step adversely affected the agglomeration state of the
particlesin solvothermal synthesi$n light of these, a similar result or impact may

be expected in the washing procedure if the residual orgahient in the polyal
synthesized samples is successfully eliminated.
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Figure 2.4 (a) Effect of washing procedure (W1 and W2 methods) on surface
characteristics of LFP particles (FTIR analysis) ¢bhyl HRTEM nanograph of
sample P1. (W1 method: Particles were washed first with DIW and then with EtOH.
W2 method: Particles were washed first with EtOH and then with DIW. S1
(solvothermal synthesized, W1 method), S2 (solvothermal synthesized, W2

method), P1 (plyol synthesized, W1 method), P2 (polyol synthesized, W2
method)).

All these analyses directly revealed that the jsgathesis washing step remarkably
influences the physicochemical properties and agglomeration state of the

solvothermally synthesized EFparticleslIf the particles were cleansed from the
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organic mother liquor, twstep washing in a different order, even if the same
solvents were used in the washing step, was found to affect the agglomeration
conditions of the particles. On the other hartis washing solvenbased
agglomeration was found to diminish the surface charge of the particles in the
solvent, their stability in the dispersion, and specific surface area, yet increase the
mean particle size3herefore, since the particle charaisiécs varied, it is rational

to assume that the electrochemical performance of such pgregared electrodes

will be adversely affectedHowever, t was found that altering the washing sequence

of the particles synthesized via the polyol methdd na influence the
physicochemical properties of the particl€bis was ascribed to theefficiency of
removing organic residues between partickkkhough the particles' dispersion
characteristics remain unchanged, applying different washing sskgmencesiay

still impactthe electrochemical properties.

2.3.1 Effect of Washing Procedure on Electrochemical Properties

The physicochemical properties of EAMbave a notable influenceon
electrochemical response. For this reason, the electrochemical peidemudrthe
assynthesized particles were examined to understand the effect of the changes in the

structure and the washing procedure.

LFP is known for its poor electronic and ionic conductivity, which remarkably
affects the system's performar|@b]. The assynthesized LFP particles were not
coated with carbon, and no additional treatment was applied. In this case, an effective
way to enhance the eleatle's specific gravimetric capacitylig adding CA497].

Since it is an iactive material in the electrode, its amount is required and desired to
be low Yet, it is better to use high amounts for very low electrically conductive
EAMs. In the preliminary studieswve studied the effect of external carbon content

in the compositelectrode for asynthesized bareHP particles(sample S1)n the
aqueous electrolytaVhile the binder amount was kept constant (10 wt.%), the
amount of CB was modified from 10 to 35 wt.%. The CV analyses ofddffaining
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electrodes are given in Figu&5. Figure 2.5 (a) shows thamcreasing carbon
content resulted in more symmetrical redox peakdrardasedheelectrode’s peak
currents The delivered specific discharge capacities of thekxtrodes with
different carbon contentsre given in Figwe 25 (b). It is clear that the delivered
specific discharge capacity increased with the increase in carbon amount t&30 wt
of the total electrode structure. Besides that point, a decreasseen in the
electrode's specific discharge capacitycan @ said beyond a bordehe carbon
content may be detrimental to the electrochemical response of the electrodes. Also
sluggish kinetics of lithiumon diffusion may be possible for low carbon contents
and responsible for asymmetric redox peaks inaWs. Since the highest specific
discharge capacitywasobtained with 30 w#o CB, it was chosen as the optimum
carbon content for further solstate cell studies for both aqueous and organic

electrolytes.
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Figure2.5 Effect of carbon content in the composite electrodénerlectrochemical
behavior of LFP particles in agueous electrolyte (betwehi 0.8 V operating
potential); (a) electrochemical activity at a scan rate of 1 mVds (ah cycling

discharggperformance at 0.1 C rate.
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Following the determination of CB concentratitime electrochemical performances

of all LFP particles werenvestigatedo comprehendheinfluenceof the changes in

the structure and the washing proaeduThe corresponding electrochemical
performances in organic electrolytes are presentefBigare 2.6. Considerable
anodic and cathodic redox reactions, which correspond to almost 3.2 and 3.8 V (vs.
Li*/Li), can be seen in the CV analyses giveFRigure2.6 (a) and (c) Those values
ascribed to the insertion/deinsertion of lithium ions into/from the electrode structure
indicate that the synthesized particles are electrochemically atheeabsence of
other reaction peaks in the CV graph suggested t®afparticles contained no
impurities, which agreedith the XRD resultsHowever, the results show tHaath

the synthesis method améashing procedure affected the electrochemical response
of the samplesAlthough thepotential distancebetween oxidatiorand reduction
peaksthat indicateelectrochemical kineticaas similar, thgpeak currents (or area
under the anodic/cathodic reaction parts) varied according to the applied washing
procedureSuch that the maximum current drawn from particles washed thitbeg

W1 method was higher than their Wiashed counterparts. The maximum specific
current densities corresponding to anodic and cathodic reactions-3&&#&80

mA/g and-290/410 mA/g for the S1 and S2 samplEsis can be interpreted as a
more favorablgathway for the isertion/deinsertioof lithium ions in the system of
individual particles compared to the agglomerated structure. Whitedb& kinetics
remained similgrtheindividual nature of the particles may attract a higher number
of lithium ions from the surrounding$he anodi¢cathodic current densities and the
representative area under each reaction process diftdezate it can bededuced
thatthe sample whose washing step was completed with EtOH instead of DIW may

have a higher dischargapacity or better electrochemical performahcesponse.
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Figure 2.6 The impact of washing procedure (W1l and W2 methods) on the
electrochemical performance of LFP particles in the organic electréytand (c)
electrochemical activity analysis performed at 1 mV/safly) (d)constant current
discharge analysis performed at G-tate. (W1 method: Particles were washed first
with DIW and then with EtOH. W2 method: Particles were washed first withHEt
and then with DIW. S1 (solvothermal synthesized, W1 method), S2 (solvothermal
synthesized, W2 methgd)P1 (polyol synthesized, W1 method}2 (polyol
synthesized, W2 method)

Interestingly, it was observed thaite different current responses wezeordedoy
samples P1 and P2 despite exhibiting the same physicochemical profdrises.
shows that even if other properties are unchanged, wWashing procedure

termination solvent may impact the electrochemical response of EAMs.
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The specific dischargeapacities of samples obtained at O-fa@ are compared in
Figure2.6 (b) and (d) The discharge capacity measurements also supported the CV
analyses, as the discharge capacities dependeteosynthesis method anbe
applied washing procedure. Theitial discharge capacity of the samples was
measured to be 86 mAh/g and 78 mAh/g for S1 and S2, respectively. The S1 sample
displayed a higher specific discharge capacity than the S2 particle during the entire
measurement, carried out across ten cyiMsen the SEM images were revisited
(Figure2.3), it was obvious that both S1 and S2 samples comprised indiscriminate
and squardike primary particlesThereforethe agglomerated and fused structure

of the S2 sample stemming from the washing procedunddle the main reason

for this capacity difference. The S1 sample consists of individual and dispersible
particles that may have short pathways that facilitate the transfer of the littism

to interior parts. The larger surface area of the S1 (réhadite2.1) resulting from

the washing step also promoted the potential for lithioing to access the patrticles.
However, the mobility and the concentration of lithium ions are restricted in the
agglomerated structure and are not likely to reach the ¢dhe &AM. Therefore,

there is a worse corresponding electrochemical response compared e Sigher
specific current of P1 and P2 samples in the CV measurements also manifested in
the galvanostatic discharge analyses. Samples P1 and P2 were alto lsaen
comparable conditions, and their initial discharge capacities were found tbe 1
mAh/g for P1 and 87 mAh/g for P2. This is interesting as all the physicochemical
properties of samples P1 and P2 are similar. However, this scenario is the one that
best demonstrates the significance of the washing processolfidentthat even

if the other properties of the particles are similar, the solvent order in the washing
step has the potential tposi ti vely or negatively

electrockemical performance

If we analyze the electrochemical performance based on the synthesis method, the
specific discharge capacity of P1 and P2 sampkesconsistently higher than that
of S1 and S2 samples throughout the cySkveral factors typically fluence the
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discharge capacity that EAMs can provide. The variation in the morphology may be

the major factor influencing the discharge capacities of tisyrthesized samples.

Another electrochemical performance metric, the discharge capacity retevdamn,
determined to be 90% and 89% for P1 and P2 samples, respeciteind S2
sampleson the other hananly retained 79% and 77% the end of the ten cycles
respectively The washing procedure did not significantly affect the capacity
retention ofthe samples since similar values were obtained. The capacity retention
also shows better performance of polgghthesized particles in organic
electrolytes. Itan be concluded thRtl and P2 samples are advantageous compared
to S1 and S2 samples for dlechemical applications due to high discharge
capacities and higher capacity retentioAscordingly, assynthesized particles
exhibited lower specific discharge capacities ttisatheoretical valu€170 mAh/qg)

and rapid capacity decayiowever, considéng the overall structure of the particles,

the delivered discharge capacities and capacity retentions are reasonable. It is
suggested that the carbon coating of particles enhances the electrochemical
performance (discharge capacity, cyclic stability, rpgformance, etc.]J98].
Therefore, higher dischge capacities and better cyclic stability can be obtained with

a controlled carbon coating of the samples. However, here, we only focused on the
impact of the washing step on agglomeration st&gssuch a surface modification

and its favorable effect aglectrochemical response are out of¢bacept.

Electrochemical examinations were also carried out in an aqueous electrolyte to
compare the impact of electrolytes on the electrochemical performance of the
samples, presented Figure 2.7. The results show how the aqueous electrolyte
measurements demonstrate a parallel response to that of taquewus electrolyte.

Like the organic electrolyte behavior, the samples’' electrochemical response
dependedn the washing solvent sequeranad syithesis methadin the aqueous
electrolyte, on the other hand, it is explicit that the particles performed worse.
Completing the washing step with DIW reduced the peak current by almost half, as

shown inFigure2.7 (a) and (c) It is noticeable that the pk currents of the particles
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synthesized by the polyol method are nearly two times higher than those of the other

particles.
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Figure 2.7 The impact of washing procedure (W1 and W2 methods) on the
electrockemical performance of LFP particles in aqueous electrdigjeand (cICV
analysis performed at 1 mV/s, (b) and (d) constant current discharge analysis
performed at 0.1 €ate. (W1method: Particles were washed first with DIW and then
with EtOH. W2method: Particles were washed first with EtOH and then with DIW.
S1 (solvothermal synthesized, W1 method), S2 (solvothermal synthesized, W2
method) Pl (polyol synthesized, W1 method)}?2 (polyol synthesized, W2
method)).

46



Additionally, samples were susc#je to aqueouslectrolytes and showed a lower
discharge capacity than organic electrolyt&s shown irFigures2.7 (@) and (d)

Being noncovered with a protective sheath (carbon coating) makes the particles
more vulnerable to the aqueous media than dhganic electrolyteHence,the
increased degradation of the samples in the agueous electrolyte results in poorer
electrochemical performance. In addition, optimization of pH, ionic concentration,
dissolved oxygen amount, etc., of aqueelectrolytesis crucial and suggested to
improve the electrochemical performance of LFP particles to be comparable with
performance in the organaectrolytes [99]. Yet, we dd not focus on that in this

study.

All in all, examination of particles in both aqueous and-aqueous electrolytes
showed that different washing procedures significantly impact the corresponding
electrchemical performance of the powders. The sensitivity of lithioim
electrodes to moisture and its adverse effects on electrochemical performance have
been reported in many studig®90,101] Therefore, the possible remaining excess
water in the structure due to the washing step ending with DIW may cause the
particles to exhibit lower electrochemical performance. However, using EtOH in the
last step, even if there is a trapped solvent insid@hol will be replaced by water,

thus minimizing the adverse effect. Thiedings showed that the washing solvent
sequence or the solvent used in the final step is determinativeadéctrochemical

performance of the EAMSs.

This studyrevealed that #énwashing procedure used aftetvothermakynthesis has

a dual impact onelectrochemical energy storage systefsst, individual and
dispersible particles klabetter discharge capacity than agglomerated oAss.
discussed earlier, the amount of solidaded per unit volume in an electrode
produced with individual particles would be higher than in those made with
agglomeratesThe synergistic effect of these twoenarioswill enable the creation

of an electrochemical energy storage system with higheergy density. The
findings revealed that even if the polyol synthesis resulted in the same dispersion
characteristic, a more energgnse system can be establishedcogtrolling the

a7



washing processince the discharge capacity diffefssynergistic effegtas in the
case of solvothermally synthesized particlesy also be encountered in polyol

synthesis if the trapped organic solvent within the partislefectively removed.

Consequently, these results prove how the-pgsthesiswashing step critically
impacts the fundamental characteristi@gglomeration, especiallypf the as
synthesized particles and the energy capacity of a system estahishgdhese
particles

2.4 Conclusions

The agglomeration of electroactive particles tifédcts the microstructure, general
characteristics, and electrochemical response of the electrode has to be avoided for
enhanced performance in energy storage systems. In thigpantended to obtain
dispersible and individual LFP particlese\ibcugd on the role of the pesynthesis
washing process on the agglomeration state of the resulting electroactive particles
as well as other physicochemical properties and electrochemical belfawvoo-

stage washing proceduweasadopted to remove reactioesiduesCompletingthe
washing stepvith EtOH orDIW showed differentmpact on the particle dispersion
characteristicdepending on the synthesis method#hile the washing stage in
solvothermal synthesis impacted particles’ agglomeration, the polgthod's
particle dispersion/physicochemical characteristics were similae average
particle sizes of the solvothermally synthesized dispersible and agglomerated
particles werel75nm and 56.5 micrometers, respectively. The polyol method also
resulted m particles with an average size of almd¥ 8m. Concluding the washing
process with EtOH enabled the formation of stable aqueous suspensions, exhibiting
zeta potential values arounrdl0 mV. The hierarchical index value, indicating the
agglomeration dege of particles, wak084 fa agglomerated particles, while it was

only 34 for the other particles. Completing the washing step with DIW also
adversely impacted the electrochemical response of particles regardless of the

production methodAn analysis spafic to the particles discussed in this section
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reveals thausing DIW in the final washing step reduces the specific discharge
capacity by 1€0% in organic electrolytes and by almost 50% in aqueous
electrolytes Additionally, it was seerthat the particles perform worse in aqueous

electrolytes compared to n@gueous electrolytes

This study shoedthat the possynthesis washing procedure influennesonlythe
agglomeration conditionsut alsothe electrochemical performance of the particles
Therefore, it contributes toestablishingimproved electrochemical systems by

explaining or introducing a facile methodanfoiding agglomerated particles
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CHAPTER 3

OPTIMIZATION OF AQUEOUS SUSPENSION ELECTRODE PREPARATION
PROTOCOL

3.1 Introduction

Establishing a percolated structure, crucial for effective charge transfer in suspension
electrodes, relies on incorporating CA$e homogeneous distribution of the CAs

in suspension igssential forforming the reticulated structure with aimmum
amount of CA It also has a critical role in the overall processability, electrical
conductivity, and wing of all EAMSs. Since suspension electrodes are intended for
long-term use, achieving a homogeneous structure is not the only consideration.
Simultaneously, preserving the homogeneity of the resulting suspensions, i.e.,
keeping them stable for a long time, is critical for the continuity of electrochemical

performance.

In suspension electrode studies, carbon black (CB) derivatives are genszdllysu

CA [102i 105]. Different characteristics of these materials (type, size, morphology,
and aspect ratip were shown to affect the suspension electrode's
microstructure/homogeneity and performané®,105,106] In addition to the
inherent characteristics of particles and theteractions with each other, the
interactions between particles and the solvent are also pivotal for the behavior and
electrochemical performance of the suspengdwganic electrolytes are preferred to
achieve high power density battery systeRisctrade preparations are also carried

out in an organic solvent due tGBs' compatibility or wettability. Due to
environmental and economic reasons, electrode formulation in agueous media was
underlined, and there is a notable trend in this dire¢1i0r]. However, CB patrticles
commonly consist of 9®9% elemental carbon, leading to strong hydrophobicity
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and a tendency to agglomerate when dispersed in water. Therefore, obtaining

homogeneous carbon dispersions in ageeystems ishallenging108,109]

Functional groups may remain on the surface of CB particles due to production
methods, etc. The presence of these functional groups results in CB particles
acquiring a surface charge through ionization or disfociavhen immersed in
water [106]. Depending on this surface charge and the properties of the aqueous
medium (ionic strength, pH, etc.), the dispetgipand stability of the CB particles

may vary. Diversity in manufacturers and production methods allows access to CBs
with different surface properties. Therefore, even two carbon materials with the same
label may have different surface properties amgpetisibility. As a result, the
microstructure may exhibit variations, potentially negatively impacting the prepared
suspension's electrochemical performance. Hence, the distribution of carbon in
systems employing aqueous electrolytes must be carefullyotledt To this end,
numerous physical and chemical approaches were introduced to prepare
homogeneous CB dispersions or enhance dispersibility, especially in agueous
processing studies. The general practice to improve water compatibility is surface
functionalization, such as oxidation treatmegmafting procesaand employment of
dispersants that adsorb to the surface of CB par{it(&5110]

In many studies, suspension electrodes were often prepared without a thorough
investigation of the behavior of CB particles in the agueous electrohgse studies
generally reported mixing EAM and CA powders and combining them with an
aqueous eleattyte [36,103]. Directly combining and mixing EAM, CA, and
electrolytedo prepare suspensiowgrealsoreported25,104,111,112]in addition,

even suspension electrodes prepared without details of any preparatieciure

were reporte113,114] Many research groups used different preparation methods
and no standard recipe exist$lowever, it's important to highlight that the
suspen®ns were subjected to lorgrm treatment in higlenergy dispersing
systems (ball milhg, shear mixing) to disperse and homogenize them
[39,105,106,111,115]This is usually due to the high viscosity of the prepared
suspensions. Still, it indicates that high or extra mechanical force is applied to
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disperse carbon structures in aqueous systems. Thih&agarticles can bmixed

this way does not mean these dispersions are stable. It only means that the
dispersion/homogenization process is possible. In addition, particle characteristics
(size, morphology, etc.) can be altered during the preparatguspénsions in high
energy mixing systems. It can be particularly problematic for suspensions containing
materials with high operating performance in a particular struciimerefore, it is
essential to investigate alternatives to these methods andope& optimum
formulation procedure for preparing carboontaining suspension electrodes by

considering the CB dispersibility in the suspension.

In the present part, we attempted to develop an optimal preparation guideline for
agueous suspension eleceadro this end, lte surface properties of particles were
tested and the experimental protocol for suspension preparation was simply
adjustedThus,we engineered stable aqueous carbon dispersions that can endure for
an extended period without requiringditives/surfactants or additional tools. The
effect of the proposed formulation on the microstructure, stability, and electrical
conductivity of the resulting carbon suspension was investigidiavas used as a
model CA because it is one of the most enefd highly conductive materials in

suspension electrode studjge,39,103]

3.2  Experimental Procedure

3.2.1 Materials

KB (EC600JD, Akzo Nobel) was used a€A in aqueous suspensions &0y,
(anhydrous, 99.7%) was purchased from Alfa Aesar to prepare an aqueous
el ectrolyte. DI W wi t hwasaused ® spregateiaguedusy o f
suspensions. Commercially available LFP was used as received without any

treatment
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3.2.2 Suspension Preparation

Two distinct approaches were employed to formulate aqueous KB suspensions and
clarify the experimental protocol's impagoh dispersion characteristickor this
purposethe sequence of addihgpSQy salt to the suspension was altered to achieve

an aqueous electrolyte with an adequate ionic concentration.

(i) An agueous LEO; electrolyte with the desired concentration was prepared in the
first method by dissolving salt in DIWSubsequently, KB particles were introduced
into the aqueous electrolyte, gently shaken, and subjected to 20 minutes of

ultrasonication in a bath for gare dispersion.

(i) In the secondhethod KB was slowly added to the DIW, gently shaken, and then
ultrasonicated in the bath for 10 minutes to disperse particles. Then, the required
amount of LisSQy compound to reach the desired salt concentrationagidsed in
powder form The suspensiowasultrasonicated in the bath for another 10 min.

To homogenize the structure further, the suspension was stirred at 250 rpm in a
magnetic stirrer for 24 hours following ultrasonicatidhe samples were labeled as
fixKBO o r xKBi i yLFP,0 where x and y denote the weight percentagessefl
materialsFor instancea 3 g suspension of 1KB 10LFPcontains 0.03 g KB, 0.3 g

LFP, and 2.67 g DIW.

The suspension formulated followiethod1 was also subjected to ball milling
comprehend the microstructural alteratioRer this purpose, the electrolyte and the
required amount of KB powder were transferred to the agategamaxed at 250

rpm for 2 hours

3.2.3 Characterization

Morphological investigation and size analysis of K&rticles were realized with
SEM (Nova, NanoSEM 430) operating at 20kV. At room temperature, particle size
distribution was investigated via DLS (Zetasizer Ultra, Malvern). The zeta potential
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of particles was also measured with the same instrument.d3& &imalyses, aqueous
suspensions with 0.001 wt.% solid particles were prepared and treated in an
ultrasonic bath for 5 minutes and then for 2 minutes with an ultrasonic homogenizer
(Bandelin 2070, operating at %75 power) equipped with an MS 73 preb8 (nm)

to disperse each suspension homogeneo&sigilar analyses were conducted at
0.01 wt.% solids content for LFP particleRarticle size and zeta potential

measurements were kegbed three times using distinct samples.

To study the effect of the algd suspension preparation approach on the dispersion
kinetics of KB particles in aqueous electrolytes, suspensions cont@igiwg% KB
were prepared. The suspensions were prepared using only 20 minutes of ultrasonic

treatment, as given in the suspemnspreparation step.

Potentiostatielectrochemical impedance spectroscopis) analyses of aqueous
suspensions were performed using a homemade Swagekcell with two
stainless steel electrodes at two ends, as showigime 3.1 The diameter oboth
electrodes was 10.4 mm, and the gap adgssted to 0.5nm.Potentiostatic EIS was
acquired with gotentiostat/galvanostat/ZRA (Gamry Instruments, Reference 600)
between 0.01 Hz and 200 kHz at a perturbation amplitude of 10 mV by collecting 6
points per decade at 0 V open circuit potential. To comprehend the stability and
guarantee the reproducibility of the aqueous KB suspensions, we defined a specific
procedure for testing. After the preparation of the suspensions, they were
immediately transferredo the measurement cell, and it was sealed. The first
measurement was performed instantly as the initial response, and continuous EIS
measurements were performed with the same suspension without disassembling the
cell for 24 hours. The results were repragsd with Nyquist plotsEIS analyses were
repeated for at leasireesamples. In the 2hour measurements, a single sample
from the prepared batchess analyzedBefore EIS measurement, suspensions were
subjected to 3 cycles @V analysis at a scan eabf ImV/s in the @ 0.1 V rang.
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~ Lid

Suspension Stainless Steel
Chamber - Electrode

Figure 3.1 A homemadeSwageloktype cell used in electrochemical impedance

analyses.

3.3 Results and Discussios

Preparing homogeneous suspensions to use as electrodes-thriagh energy

storage systems is essential fdetter electrochemical performance and

processability. Ensuring the reproducibility of the prepared suspensions is another

critical consideratioffor their utilization in energy storage syste Within the scope

of t his t hesi s, bef or elomeraion retat@onntige t h e part
microstructure and corresponding behavior of the suspension electibues

focused on preparing suspensionzoeucibly.

ElSanalysis is a widely used technique to understand the microstructural changes in
carbonbased slurries since it is a ndastructive methofl 16]. The microstructural
evolution of a suspension can be comprehended by observing spectra chtarge in
Nyquist plot consisting of both imaginary and real impedance pArtsurrent
response related to the displacement of ions and electrical transmittance through the
branched network is observed with the implementation of a potential difference
betweentwo metal blocksSuch a system is typically modeled with an electrical
circuit consisting of three different circuit elements: ionic resistor, double layer

capacitor, and electrical resistor. Additior@mponentscan also be integrated
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according tovariaionsin the response of the impedance spetiexein, an ionic
resistor implies resistance of electrolytes related to the movement oflidas
identified as the real part of impedance spectra at high frequencies. Theldgable
capacitance is assated with theelectrolytemetalblock interface and stems from

the augmentation of ions at the metallic surface. The electrical resistantie from

a sufficientCA within the structure and is parallel to an ionic resistor in the tircui

A transformation from a nearly straight line (seen in bare electrolytes) to a semicircle
structure is observed in the Nyquist plot with increasing. E&nce,the real
impedance intercept at a leinequency regime is ascribed as the electrical resistance
of the dispersiofi31,37,58]

The literature review indicated a prevalent use of-eigrgymixing systems in the
suspension electrode preparatiéor this reason, higenergy tools (homogenizer
and ball mil) were preferred to prepare suspension eleegaupreliminary studies.
Using a homogenizer, EAM and CA particles were initially blended in an aqueous
electrolyte EIS measurements were conducted to analyze the electrical properties,

specifically the percolation structud to control the suspenss' reproducibility

The EIS results for three distintkKB i 10LFPsuspensions prepared in this context
are presented in FiguBe2 (a) To ensure reproducibility, each suspension electrode
is anticipated to yield aimilar impedance resultdowever upon examining the
Nyquist plot (with the diameter of the formed semicircle as an indicator), it becomes
apparent that suspensions prepaigdlarly exhibiteddistinct impedance responses.
Similar variationsencounteredn 2KB suspensions prepared whhll milling are
presented in Figurg.2 (b). In addition, the timalependenElS analysis ofa 2KB
suspensiolfball milled) sealedn themeasuremertell is providedn Figure3.2(c).
Time-dependent variation in the corresponding impedance spectradptioat
suspension behavior was changeghificantly. Although the initial resistance was
approximately 4 X s, it increased to BY s after 24 hoursThe alteration in response
could suggest that the suspension has undergone structural modifiqatiemgally
phaseseparationf31]. Due to thestronginteractiors between particles, particles may
attract each other and form clusters over tiHence, theestablishe@hain structure
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could have been disrupted, and the percolstiedtturemay have disintegratedhis

mayreallt in isolated KB islandandamore resistive structure
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Figure 3.2 Electrochemical impedance spectra analyses(af 1KB i 10LFP
suspensiorlectrodegprepared witta homogenizer(b) 2KB suspensions prepared

with ball milling, and (cXime-dependent variation @B suspension prepared with

ball milling.

The highenergy tools provide sufficient particle mixinbhus the primary reason
leading to rapid structural changssuld ke the susceptibilityof the particlego the
attractive and repulsivi@rces within the suspensionherefore, the problem could

be the interaction of the particles with the electrotip results inmicrostructural
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variationsinside the electrodd.o canprehend the potential source of this issue and
achieve greater homogenéigproducibility in suspensions, it was proposed to
optimize the suspension electrode formulatiorcogtrollingthe surface properties
of the particles. These processes are detal¢his chapter.

Dispersion of CAs in aqueous media is a challefigereforewe first investigated

the colloidal behavior of KB particles ind3Qs aqueous electrolyte$he stability,
percolationand the amount of CA that can be loaded into the suspeargdimectly

related to the particle characteristics. The physical properties of the KB particles used

in the present study can be seen in FiglBeSEM analysis in Figure 3(a) revealed

the gructural subunits of KB with sizes less than 50 nm. The hydrodynamic radius
determined by DLS analysis (Figure8%. b ) ) , on the other hand
exhibiting subunit KB particles conglomerated and forming larger branches in

agueous media
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Figure 3.3 Physical properties &B particles used in the studia) scanning electron

micrographand(b) particle size distribution.

Numerous studies showed that increasing ionic strength positively affected the

electrode's electrochemical behavior (capacity, cyclic stabil®®,117,118]
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However, it may have a detrimental influence on the stability of the suspension
electrode as it may change the physical characteristics of thegrarfitle effect of

the ionic strength of the electrolyte on the stability and particle size of KB particles
is shown in Figur8.4. It can be seen that the zeta potentadiieof the particles was
around +30mV when they were dispersed in DIVBince the CBparticlesare
inherently hydrophobicthe relatively high zeta potential recordéudicated the
presence of bonded groups on their surfaces that dissociate inThB\surface
charge on the patrticles leadsthe formation of anelectrical double layer (EDL)
around the particleS'he zeta potential value decreased with the increase in ionic
strengthand the sign reversedound 0.80.4 M. As a rule of thumb, a zeta potential
val ue hi gh eissuggested to &his/® erestatic stabilizationHence,
stability is not anticipated at different ionic concentratiorise PSA analysialso
showed that KB particles were around 300 nm in size in DIW, i.e., they consist of
clusters of several primary KB particles (revisited F&g8B (a)). An increase in the

average particle size was also seen wiimg electrolyte molarity
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The properties of the electrolyte and the condition in which the electrolyte and
particles interact (i.e., preparation protocol) can affectdispersion of carbon
particles. The dispersion kinetics of KB particles in aqueous electrolytes where KB
particles were suspended through different suspension preparation procedures are
compared in Figur8.5. TheKB particles’ state after beimtrectly mixedwith DIW

and gently agitatets presentedn Figure3.5 (a). Visual monitoringsuggested that

KB particles could be effectivelydispersedin DIW and form a stable, 1
homogeneous structur&he stability in DIWwas also proved by thecordedhigh

zeta potential value (Figu®4).

DIW  05M 1M 2.5M 05M 1M 2.5M 0.5M 1M 2.5M 0.5M 1M 2.5M
(a) ™= O)§ |

&b

0.5M 1M 2.5M ‘O.SM M 25M O5M IM 25M  05M 1M 2.5M

Before sonication t = 24h t = 6 months

Figure 3.5 Dispersion behavior of KBparticles in suspensions prepared with
differentsalt addition sequencg®) in DIW, (b)Method1, i.e., direct mixing of KB
particles with electrolyteand(c) Method2, i.e..,the addition of salt as@owder after
dispersing KB particles iDIW. (The numbersabovethe vials representhe molar

concentration of the electrolyte
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Considering the benefits on electrochemical performahisecrucial to prepare an
electrolyte with high salt concentrations. However, the ionic strength of this
electrolyte may alter the behavior of KB particles whasinly used as suspension
electrodesFigures 3 (b) and (c) illustratéhe impact of suspension (or electrolyte)
formulation and the ionic nature of the electrolyte on KB dispersion kin&tiben
the aqueous KB suspensions formulated throltgthod 1, a direct mixing of
particles and elewmlytes, were examinethe mixture's agitation was insufficietat
disperse the KB particles in the electrolypesented as before ultrasonication in
Figure 35 (b). This behavior, dependent d@he electrolyté® s icanoentm@tion,
revealed thah fewparticles were present in the liguitkdiaat relatively lowionic
concentrationsThenumber of particles mixed witthe electrolytedecreased with
increasing salt concentratioBventually at a concentration of 2.5 M43Q;, almost
no KB particleswere observablen the electrolye. The electrolyte concentration
affectedKk B p a r weitabilityeasd@ispersionin this liquid medig and at higher

concentrations, all the particléeatedon theelectrolytesurface.

The ultrasonication process is an effective technique to disperse carbon particles or
inhibit agglomeratiof119]. When the mixtures were subjected to ultrasonication,

can be said that the dispersion characteristics of the particles changed 85gure
(b)). Although the ionic strength of the electrolyte prevented the disgaysib
ultrasonication allowed the electrolyte to penetrate between the particles. As a result
of the liquid filling the intefparticle spaces, it can be seen that at t=0, the KB
particles were mixed with electrolytes atall ionic concentrations While
ultrasonication enabled the inclusion of the particles into the liguedia it was
evidentfrom the sedimentation analyses that these particles did not maintain this
structure over timeAn apparenphaseseparatiorwas observed in the mixtures at

the end boneday settlement tests.

As shown in Figure35 (c), KB dispersion characteristics were affected by
suspension formulationThe particles could be dispersed in all electrolyte
concentrationsvhen the aqueous KB suspensions were prepared Mgiigpd 2,

that is, by adjusting the ionic strength of the electrolyte following the dispersing of
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the KB particles in DIW. Aqueous KB suspensions prepared using this method
maintained stability for an extended period (more than six monthgy did not
exhibit precipitation or phase separation sigas observed through tirgeependent

sedimentation monitoring.

To understand the effecof preparation protocolon suspension electrode
characteristics, aqueous suspensions of 2 wt.%&&prepared. While the partide
mixed with direct electrolytelispersed to some extent after ultrasonication, phase
separation was observed in the structure over time. However, after 24 hours of
magnetic stirring, it was seen that the suspension maintained its behavior for a long
time. This indicates that the interaction between the particles may come to
equilibrium after 24 hours of stirring and may also be due to the concentration effect
Time-dependenk&lS analyses of 2 wt.% KB suspensions prepared with different

methodgexperimenthprotocolg are presented in FiguBeb.
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Figure3.6 Time-dependent variation in the response of impedance spectra (Nyquist
plot) of 2 wt.% KB aqueous suspensip(e) suspension prepared witkethod1,
i.e., direct mixing of KB particles with electrolyéand(b) suspension prepared with

Method2, i.e.,the addition of salt as@owder after dispersing KB patrticles in DIW.
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Comparing the impedance spectra provkdt the preparation protocol had a
significant impacton theelectricalbehaviorand microstructuref the suspension
electrode. While the suspension prepared folloviteghod 1 exhibited a partially
reticulated structure, it is evident that the resulting suspension had a high resistance
(Figure 36 (). If we examine the response of the suspension prepared through
Method?2, on the other hand, it is clear that a fully percolated structure responsible
for charge transfer was formedFigure 3.6 (b)).When the resistance values
characterized by theiameter of the formed semicircle were compared, it can be
easily said that the suspension prepared whktethod 2 was significantlyless
resistive than the other sample. This can be attributed to the homogeneous
distribution of KB particles with smaller particles in contddte formation of large

KB agglomerations or clusters in the suspension preparedMathod 1 or the
particles' wettability shald inhibit the formation of possible conductive pathways
and percolated structure. This proves that the inhomogeneous suspension
formulation requires much more KB to be loaded into the suspension to achieve a
percolated structure withess resistivityvalues. This wouldincreaseboth the

viscosity of the suspension and the inactive material within it.

As seenn Figure3.6, the control of the suspension preparation protocol allowed for
creatinghomogeneous suspensioitéis enabled the acqui®n of consstent and
similar EIS resultsAs discussed earlier, suspensions formed by directly combining
particles with the electrolyte can leixed and homogenizedsing a ball mill.
However, it was observed that the microstructure may change due to possible phase
separation in the resulting suspension, teading to variedmpedance values over
time. Compared to magnetic stirring, a ball mill is a method that can change the
physical properties of the particléBherefore a different particle structure may be
observed after ball milling in addition to microstructural char§€M images of KB
particles subjected to magnetic stirring and ball milling are presented in Bigure

It can be said that the particles retain theitial particle sizeand shape (revisit
Figure 3.3 (a)pfter magnetic stirring. Similarly, there is not much difference in the

morphologyand structure of the KB particles after ball milling.
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Figure 3.7 Scanning electron micrograph KB particles (a) magnetically stirred
and (b) ball milled.

A suspension electrods a multi-component system consistimg CA and EAM
particles In addition tothe characteristicef CA,E AM0O s  p rasqgrentrituie e s
to the suspension microstructure aadrespondindgpehavior When the behavior of

the LFP used to prepare the suspension electrode was exaroimazningsalt
concentration, it was seen that the particles were negatively charged i(Figive

3.8).1t can be said that the particles ham®ugh charge to remain relatively stable.
While the zeta potential decreased with increasing lithium sulfate concentration, the
surface chargscreened with increasing ionic concentraigipredicted by electrical

double layer theory
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of LFP particles.

Compared to the behavior of KB patrticles, the behavior of LFP particles once again
underlined the necessity of preparisuspension electrodes by controlling the
physicochemical properties of the particleDINV, the KB particlesvere positively
charged, and the LFP particlegre negatively charged. Therefore, it is expected
that the clustering of those particles is doi¢he attraction of theppositecharges
when both particles are mixed in a liquid with low ionic strer{gths than 0.5 M)

This uncontrolledclustering may also lead to differesispensioriormations and
microstructures depending on the solidsntert of the particlesand mixing
conditions However, dispersingB in DIW andincreasing the ionic concentration
resulted in negatively charged particles. Hence, allowing the KB patrticles to acquire
a negative charge first and adding LFP particles to theessson weould result in

particle systems with more homogeneous distribution and structure.
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3.4 Conclusions

Obtaining homogeneous and stable aqueous carbon dispersions poses a challenge,
commonly intended to be oweEme byhigh-energy mixing tools or additivel this
chapter, we showed that aqueous carbon dispersions withidongstability can be
obtained by simply controlling the surface properties of the particles and regulating
the preparation protocalccordingly The dispersion kinetics of KB particlegere

found to be significantly influenced by the electrolyte formulation. It was noticed
that KB particles, readily dispersed in water, can only be dispersed in aqueous
electrolytes with the help of ultrasonicatioNet, rapid i.e., in a day,phase
separ&ion was observed. However, increasing the ionic strength of the medium after
dispersing the KB patrticles in DIWed toa homogeneous and stable suspension
Such suspension electrode preparation procexhabkledheobtainingof stable and
reproducibleElS results.Electrical potential, and thus the charge of the particles in
agueous medjachanged according to the ionic concentration of electrolyigs
highlights the importance of considering EAdsroperties and the suspension
formulation to establisl multicomponent suspension electrode. Such suspensions
with different microstructures can be obtained according to the surface charge of the
EAM and its response to the ionic nature of the electrolyte. The impedance analysis
revealed that the suspensimnmulation also affects the electrical resistance of the
suspension electrod8uspensions formed by directly introducing KB particles into
the electrolyte displayed elevated resistivitjowever, the version with a
homogeneous structure exhibited sigrafitly lower resistivity values, signifying

the development of a percolated structdferthermore, thempedance response
value remained relatively constant throughout the extended measurement period,
indicating the sustained homogeneity and stabilityhefobtained suspension. It was
also shown by ball milling that the KB could be dispersed directly in the electrolyte,
and the reticulated structure responsible for the conductivity was formed. However,
even if such a dispersion was achieved, tdependenimpedance measurements

showed that the resistance of the suspension increased from ne¥yal kKY s
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at the end of 24 hours, indicating the structure's instabilitig.study showcased the
feasibility of acquiring homogeneous and stable aqueous carbon dispersions and
suspension electrodes, delivering consistent and reproduliBlessults without

relying on highenergymixing systems odispersantisage.
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CHAPTER 4

THE INFLUENCE OF AGGLOMERATION STATE OF LITHIUM IRON
PHOSPHATE PARTICLES ON AQUEOUS SUSPENSIONELECTRODE
BEHAVIOR

41 I ntroducti on

Utilizing suspensions as electrodes in fldwough systemeffersgreat promise for
achieving higkenergy dense systemblowever, their high viscosity is the most
critical bottleneck for suspension electrodes to be integrated into flow energy storage
systems and become a feasible techno|@8y. This is a direct consequence of the
suspension microstructure and underlines the importance of controlling the
suspension microstructur&uspension microstructure is of great importance not
only in terms of processability but also in terms of elect@attrochemical
performanceAchieving a homogeneous suspension is critical for the suspension to
perform the same over a lopgriodand to exhibit a consistent resulterefore, a
suspension electrode characterized by a homogeneous structure isldssdaiter
processability and electrochemical performance.

Numerous investigations have been done to comprehend the suspension
microstructure, and considerableffort has been spent to ameliorate the
microstructureAll these studies devoted to imprayithe suspension microstructure
primarily focused on altering the suspension preparation protocols and/or the type
and the amount othe EAMs and CAs used. In investigations of suspension
microstructure, findings indicated that particle characteristics such as size, shape,
morphology, dimension, etc., dictated the microstructlineis, particle properties
were found to influence flow and electrochemical belm substantially
[37,40,62,66,106]
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In addition to these generally described partigpertiesparicles' agglomeration
state is an important characteristithe agglomeration state of particles has a
pronounced impact on EAM concentration, suspension homogeneity, stability, and
flowability. However the significance of this agglomeration state has been
overlooked in suspension electrodéormulations. Although a few studies
demonstrated the use of dispersible particles (especially intfilmugh systems)
[39,61] the agglomeration state of the particles was reopthmary concern in these
studies.

Here, it was intendedto elucidate the influence of particle agglomeration on the
microstructure of suspension electrodes and its subsequent effects on rheological and
electrical propertiesin this study, we selected two differebEP particles in
agglomerated and dispersible formWe systematically studiethe influence of
using individual particles in thhe suspensi
resultingflow and electricatesponsesMost commercially available powders are

hard agglomerates, i.e., consisting of particles almost chemically fused into each
other Hence individual and colloidalLFP particles were synthesized usiag
suitable methodor comparisonTo this end, firstEAM powders were thoroughly
characterized. Second, only CA and EAdgintaining aqueous suspensions were
studied, and the influences of the agglomeration state of EAM were discussed.
Thirdly, the suspensiorelectrodes were prepared by mixing EAM and,@Ad
suspension characteristics were analyzed. Lastly, the dispersion characteristics of the
suspensiorelectrode were compared in suspension and cast form, and their effect
on the energgapacitief electrodes was discussed.
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4.2  Experimental Procedure

421 Materials

LioSQs (anhydrous, 99.7%) was purchased from Alfa Aesar.(EB600JD, Akzo

Nobel) was used asGA in aqueous suspensioms] W wi t h a resistivit
was used to prepare aqueous suspensions. Twodi/he$ particlesvere used in

this study. One type was purchased and utilized without further treatfinendther

was synthesized via the polyol method, as reported previously by our group, with the
sampl e | aiCéed0@d iAm R0 aAhese synthedized LFP particles

wer e | abel ed €} iwkilp ¢he ageteives doneq WweFePlabeled

6aggl omer-®Atedd (LFP

4.2.2 Suspension Preparation

Aqueous suspensions of bare KB, bare LFP, and the mixture of KB and LFP with
different solid loadings were prepared. For KB suspension preparation, the required
amount of KB was slowly added to the DIW, gently shaken, and then ultrasonicated

in the bath for 10 minutes to disperse particles. The mixture was stirred with a
magnetic strer at 250 rpm at room temperature for 24 hours. ForLKB
suspension preparation, LFP particles were added in the last 3 hours of mixing to
obtain a homogeneous suspension. The bare LFP suspensions were prepared by
slowly adding LFP patrticles to the Wland stirring them at 250 rpm for 2 hours. To
ensure enough ionic concentration, the required amount>8Qkito reach 1 M
electrolyte concentration was added in powder form in pursuit of dispersion of KB

or LFP particles in DIW. Then, the resulting sesgion was ultrasonicated for 10
minutes before the stirring process. The samples were labelafBRs YLFP-(A

orD),06 where x and vy deesoftkd and hFP, regmectigelyt per ¢
For instance, a 3 g suspension of 2ZKBOLFP contains 0fg KB, 09 g LFP, and

2.04g DIW.
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423 Characterization

The crystal structure of EAMs was characterized by X@duker D8, CuKy
radiation) operating between dand 8@ at a scan rate ofJ2Znin. Morphological
investigation and size analyses of particles wezalized with SEM (Nova,
NanoSEM 430) operating at 20kV. The dispersion characteristics of LFP and KB
particles were analyzed over the tajaest films via SEM and energlispersive X

ray spectroscopy (EDS). For this purpose, suspensions were preparednusing
electrolyte concentration of 0.3 M to eliminate excess salt crystallization on the dried
surface. They were spread on cover gl ass wi
applicator. SEM and EDS samples were coated with gold before examination. At
room temperature, particle size distribution was investigatedDli& (Zetasizer

Ultra, Malvern). The zeta potential of particles was also measured with the same
instrument For these analyses, aqueous suspensions with 0.01 wt.% solid particles
were preparedluspensions welteeated in an ultrasonic bath for 5 minutes and then
for 2 minutes with an ultrasonic homogenizer (Bandelin 2070, operating at %75
power) equipped with an MS 73 probe € 3 mm) to disperse each suspension
homogeneouslyThe carborcontent of the particles was measured by ELTRA CS
800, Carbon Sulfur Analyzearticle size, zeta potentighnd carbon content

measurements were repeated for three distinct samples.

The rheological behavior of aqueous suspensions was characterizeadoyreeter
(Anton Parr, MCR 102) with a parallel plate geometry (plate diameter 50 mm, gap
0.5 mm). A solvent trap was utilized to prevent electrolyte evaporation during the
measurements. The rheological measurements were performed according to the
following procedure: (i) The flow behavior of samples was measured between 0.01
i 100 st. Three sequential runs were carried, @aich comprisingwo half loops
(upward and downwardHere,the shear rate ramps from 0.01 to 16Qfast half

loop) and down to 01 s! (second half loop). For each hdbp, 41 points were
recorded Reproducible data was obtained aftex completion of the initial cycle,

and the last loop was reportégr bare aqueous LFP suspensions, tests were carried
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out between 0.01 500 s', and 47 data points were collected for each (iin
following rheological behavior measurements, samples wertotefO minutes for
relaxation and then strain sweep tests were done between 0.000% strain ain
angular frequency of 1 rad/s déetermine the linear viscoelastic region (LVER) for
each sample, (iii) at the end of the strain sweep tests, samples were left 5 minutes for
relaxation Then,the frequency sweep tests were performed at a defined strain rate

obtained from strain sweep measments.

Potentiostatic EIS analyses of agueous suspensions were performed using a
homemade Swageletigpe cell with two stainless steel electrodes at two ends, as
shown inFigure3.1. The diameter of both electrodes was 10.4 mm, and the gap was
adjusted @& 0.5 mm. Potentiostatic EIS was acquired with a
potentiostat/galvanostat/ZRA (Gamry Instruments, Reference 600) between 0.01 Hz
and 200 kHz at a perturbation amplitude of 10 mV by collecting 6 points per decade
at 0 V open circuit potential. The resulten represented with Nyquist and Bode
plots, and equivalent circuit fitting was done using-E4D software (Biologic).
El ectrical conductivity (0) calculations
plots and using Equatiod.l [37], considering the geoetrical factor of the
measurement cell.
Q
owY

(Equation4.1)
, Whered, A, andRyn represent the cell thickness, surface area of metal blocks, and
electrical resistage of suspensions, respectively

EIS analyses of KB suspensions wespeated for three different batch8gfore
EIS measuremend]l suspensions were subjected to 3 cyclesyofic voltammetry

analysis at a scan rate of 1mV/s in the@1 V range.
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4.3 Results and Discussins

43.1 Characterization of LFP particles

The physicochmical properties of used LFP particles are tabulatdcbie4.1, and
the crystal structure, morphologicand particle size distribution analyses are

presented ifrigure4.1.

Table4.1. The physicochemicaropeties of LFPparticlesused in this study.

. ¢-Potential
Sample Tap Density (g/cn?) Ager (m%g) Carbon Content (wt.%) Dso (nm) (V)
m
LFP-A 0.84 N 8.70 3.90 N o0 747 1| -42 N
LFP-D 1.16 N 14 1.38 N 0 392 | -46 N

* Ager. specific surface area obtained from BrunaegnmetiTeller (BET) analysis, E: mean particle size
measured with dynamic light scattering (distribution basedvolume intensity). LFRA represents the
agglomerated particlesvhereas LFPD repre€nts the dipersible particles.

All intense peaks in thX-ray diffraction pattern presented Figure4.1 (a) were
indexed to orthorhombic LFP structure with Pnma space group, JCPDS card number
83-2092. While secondary phases were not observed in either mategiagharp
narrow diffraction peaks demonstrated good crystallinifjhe particle size
distribution analyses in Figure 14(b) showed a monomodal size distribution
comprised of submicron patrticles for synthesized LFP partiblesontrast, thas
receivedparticles exhibited bimodal behaviconsisting osubmicron particles and

a few micronscale particles. As expected from its agglomerated structure, the
dispersion or sedimentation behaviors of theeagived particles showed graded
turbidity in the supenatani indicating the smaller particles' sidependent
sedimentationin contrast, most large, agglomerated clusters settled down (Figure
4.1 (c)). Synthesized particleon the other handed to more homogeneous turbid

suspension without significaneédimentation. In line with this, SEM images of the
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synthesized and agceived particles revealesibstantialdifferences in particle
shape and size. While the-synthesized specimen consisted of individual and
submicron particles with homogeneous disttibn, the aseceived sample

comprised irregularly shaped, agglomerated particles with varying dimensions.
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Figure4.1. The crystal structure, morphologicahd particle size analyses of utilized
electroactive materiglga) X-ray diffractogram, (b) particle size distribution by
volume intensity (serdiog scale) and (c) scanning electron micragph and
sedimentation behaviaf LFP particles.



432 Effect of KB Content on Percolation Network Formation in

AgueousSuspension

Toobtain a conductive electrode, it is crucial to determine the amount of CA required
to achieve the percolation network threshold. KB suspensions were prepared at
varied weight percentages from 0.3% to 3% and characterized bg€£jgesented

in Figure4.2.

1 M Li>SQy electrolyte and all the KB suspensions exhibited similar resistance (~1
Y) v al u-requeacy regionsgshowing independence of the response from the
KB concentration of suspeiogs. At lower frequencies, the suspension prepared
with 0.3 wt.% of KB exhibited a virtually linear Nyquist plot (Figure24a)). It
slightly deviated from that of the electrolyte, indicating that ionic conduction
predominated in the system with no obvious conduction path between the KB
particles. Increasing{B content from 0.3 wt.% to 0.5 wt.% resulted in a sharp
transition from linear to almost perfect semicircle, indicating that an electrically
conductive network started to form between the KB particles in the 1,80k
agueous electrolyte. As is apparent,thHar increasing KB concentration in the
suspension led the semicircle structure to turn into a narrower and more depressed

version, indicating the formation of an electrically less resistive structure.

The capacitance values of each KB suspension werkasias shown in the Bode
plot in Figure 4.2 (b). This signified that the values were independent of KB

concentration and due to douwég/er formation on the steel electrode surfaces.
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Figure4.2. Electrochemical analyses of aqueous (1 k) KB suspensionwith
different solids loading(a) impedance spectra (Nyquist plogs)d (b) impedance
spectra (Bode plots).

As the capacitive behavior of all samples was similar at the moderate frequency
region in the Bode plotRigure4.2 (b)), the intercept at the lofvequency region
givesthebulk resistance of the suspensioHgnce, it can be uséd determine the
electrical conductivity of the aqueous KB suspensions. The electrical conductivity
valueswere calculated considering the cell factnd presented in Figure34
Although the conductivity change seemed to show a nearly linear behavior at low
concentrations of KB, a closer look at the data revealed a continuous skliag

there wasan almost 4fold increase in conductivity between the KB concentrations
of 0.3 wt.% and 1 wt.% (inset of Figure34.In this relatively low concentration
range, KB particles were probably insufficient to ensure a fully percolated network
formed by interpartie connections to convey the electrical curr&€onversely, a
sharp increase of nearly 13 times in electrical conductivity was noted during the
transition from 2 wt.% to 3 wt.% of KBThis signifies the attainment of the
percolation threshold within thieinge. Increasinthe electrical conductivity of the

suspension with increasing KB content may indicate the formation of a denser
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structure. Therefore, increasing the number of particles might cause the formation of
more contact points, which results ihet creation of conductive pathways for
electrons. In this situation, electron transfer could be made more readily, resulting in
a less resistant structurhe electrical conductivity of compressed KB particles is
approximately 1®dmS/cm[121], whereas the conductivity levels of KB suspensions
are notably loweras seen irFigure 4.3 It is noteworthythat when there is a
substantial presence of KB chains in the suspension, accompanied by the formation
of a percolated network structure, the electrical conductivity of the KB suspension

reacheslmost0.05 mS/cm.
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Figure 4.3 Calculated electrical conductivities of KB suspensions considering the
geometrical factor of the measurement cié (nset figure represents the data for

KB concentration between 0.3 to 2 wt.%).

The rheological behaviorf @an electrode suspension is not only crucial to reveal its
flow characteristics andthus, for operation It also gives insightsnto the
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microstructure of the suspensions. Therefore, both rotational and oscillation

rheology analyses of suspensions wenedcicted.

Dynamic oscillation tests were employed to investigate the viscoelastic
characteristics of the agueous KB suspensions. First, a strain amplitude sweep test

was conducted to determine the LVER in a strain range from 0.001% to 100% at an

angularf equency of 1 rad/ s. Both the storag

(viscous) modulus (G0O06) are kgureddéant ed
When the KB concentration increased from 0.3 wt.% to 3 wt.%, the storage modulus
increased nebra thousand times (from 0.4 Pa to approximately 318 Pa), indicating
a significant increase in the rigidity of the structure #neinore solidlike behavior

of suspension. The LVER was determined to be almost 10% strain for 0.3 wt.% KB
containing suspermms while this range was narrowed to 1% when the KB
concentration increased to 3.%t In the LVER, the storage modulus wagher

than the loss modulu3he KB suspensions behaved as a viscoelastic solid material,
even at low concentrations, evidencithg presence of structured suspensions with
strong interparticle interactionds observed irFigure 44 (a), the loss modulus of
suspensions gdtigherthan the storage modulus at higher strains, meaning that the
interparticle interactions might be ovense by applied shear stress. The particles
got partially separated from each other, and thus, the suspension showed less
resistance to flow and exhibited more licquike behavior. This shift in the structure

is critical; therefore, this flow point (a.k.ecossover point) was determined for each
suspension and plottedkigure 44 (b). The critical shear strain/stress valuethis

plot are assigned as the intersection point of the storage and loss modulus values
[105]. It showed a continuous decrease in strain amplitudeaaticrease in the
corresponding shear stress with increasing KB amount in the suspensiahafine
changes in critial shear strain and stress values at KB concentrations higher than 1
wt.% indicate increasing rigidity and compactness of the suspension structure.
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Figure4.4 Rheological behavior analysis of agueous (Lib6Qs) KB suspensions

(a) amplitude sweep test measurements recorded at constant angular frequency (1

rad/s), (b) concentration dependency of critical shear strain and stress values which

were found fromthe intersection point of the storage modulus kErs$ modulus

values, (c) frequency sweep tests investigated at a specific strain (O20d))

flow curves of aqueous KB suspensions (open
blue color) shows the first cycle and last cycle of the flow for 1 wt.% KB,

respectively).

Following the amplitude sweep tests, a shear strain level of 0.01% was chosen in
LVER for all KB concentrations to conduct the frequency sweep analisis.
presented in Figure.4l(c), suspensions' timdependent response at nearly static

frequency sweep conditiohanged dramatically when the KB concentration was
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increased from 1 wt.% to 2 wt.%t relatively low concentrations (up to 1 wt.%),

the magnitudes of the moduli were constant at low angular frequencies with larger
storage modulsl than the viscous modulus. Still, they increased with increasing
frequency, suggesting that the elastic structure had broken down. At higher KB
concentrations, both moduli became frequeimciependent, corresponding to

strong, almost solid structures.

Rotational rheology test results are presenteldigure 44 (d). The viscosity of the
suspension at a shearrate of 0'tsont i nuously increased fro
when the KB amount was increased from 0.3 wt.% to 3 wt.% in aqueous suspension.
As expected, increasing crowdedness in suspension led to more frequent particle
interactions in suspensions and more resistaac8ow. At all concentrations,
suspensions exhibited shear thinning behavior (reduction in viscosity with increasing
shear rate) over the significant portion of the applied shear rate Tdregguspension

with 1 wt.% KB seemed to be an exception in thigeasing suspension viscosity
trend However,further analysis showed that this behavior could be related to the
structural changes occurring in the suspension upon increasing the shdaguaee (

4.4 (d)). As such, during the first flow cycle, theseosity values of 1 wt.% KB
suspension recorded at lower shear rates was higher than. % gt At 1 wt.%
concentration, although the flow behavior was shear thinning at low shear rates, the
flow characteristic was irreversibly changed after a sheaofat@ s!. Similar flow
behavior change was observed at all concentrations above 1 wt.%, yet at these high
concentrations, the behavior was reversible. Therefore, this concentration was
recorded as the concentration at which the suspension microsticamged. If the
hydro-clusters started to form at these concentrations, they might partially be
fragmentized with an increasing shear rate. These fragments, particularly when
aligned in the direction of applied shear, would resist less to the flow th&bthe
clusters and lead to lower suspension viscosities. Depending on the cluster's strength,
the behavior might be reversible or irreversible. Increasing KB concentration seemed
to result in more robust clusters because of the reversibility of this rhealogi

behavior changeUpon revisiting the EIS results depicted in Figdr2 (a) and
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Figure4.3, which were obtained under stationary conditions, it became evident that
the slope of the electrical conductivity shift with rising KB concentration changed,
ocaurring notably after reaching 1 wt.% and 2 wt.% of KB. Combining this
observation with the rheological behavior change in these concentrations, more
branched and stronger KB structure formation after 1 wt.% KB addition hypothesis

seemed to be further supped.

The observed alterations in amplitude sweep and rotational tests were also reflected
in the critical shearstrainstressbehavior Moreover, t is noticeable that the
impedance and electrical conductivity results in FiguBeand Figure 8 and the

critical shear strahstress plotagreewith the change in suspension behavior.
Therefore, the behavior change in the critical shear s$temis graph can help
determine the percolation network threshdidan be identified alsetween 1 wt.%

and 2 wt.% based on the changes in critical shear séteess behavidn our study

When the oscillation measurement results were combined with the conductivity
analyses, the change in suspension microstructure is visualiFéguire 4.5. The
suspensiordisplayed a soliike structure at a KB concentration of 0.3 wt.%
thatparticleswere close enough to strongly interact with each other yet far enough
not to convey electron flomwith increasing KB concentration to 0.5 wt.% and 1
wt.%, the particlestarted to get close enough to touch each offiers, conductive
networks were formed for electron transfer, but resistance was RBigha
concentration between 1 wt.% and 2 wt.%, the number and strength of interparticle
interactions increased, and thergolation threshold was achieved. At even higher
concentrations, the suspension displayed highly stiff, diakdbehavior with more

pathways for electron transfer.
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Figure4.5 Representative illustratioof changing suspension microstructures with
KB concentration.

4.3.3 Rheological Behavior ofSuspensiorElectrodes

After investigating the percolation network formation changes Wihamount in
agueouslectrolyteand its flow response, KB suspension was combined ith

to fabricatea suspensiorelectrode Concentratiordependent rheological analyses
were first employed for only LFBontaining aqueous suspensions for each LFP type
to reveal the influence of the gigmeration state of LFP particles on the rheological
behavior of suspension¥hen, rheological analyses were repeated for suspension

electrods containing KB and LFP patrticles in 1 Mb&Oy electrolyte.

As shown in Figures46 (a) and (b), regardless ofthe active components'
agglomeration state and solids contatitaqueous LFP suspensions showed shear
thinning flow characteristicsThis behaviorcan be related to the rearrangement of
the interacting particles in suspension with increasing flow aata the case of KB
suspensions. Besidebese flow rheology measurements realized a concentration
dependent reproducible hysteresis formattunch behavior is commonly related to
the variations in the rate of structural changes occurring while ranypnand
ramping down the applied shear rf122]. The shear rates at which hysteresis
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formation occurred varied with concentration when agglomerated particles were
used.In contrast, for dispersible particle suspensionbafipenedat similar shear

rates for all concentrations, indicating more consistent structure forma#tgon.
anticipated, both agglomerated and dispersible particle suspensions demonstrated a
rise in vigosity with higher solids loading because of increasing crowdedness in
suspension. On the other hand, when the magnitude of suspension viscosities was
compared, the dispersible particles exhibited one order of magnitude lower
viscosities almost over thetae shear range compared to agglomerated particles for

all solids loading.
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Figure4.6. Rheological behavior analysis of aqueous (1 M5k) bare LFP and
KB i LFP suspensionsoncerningsolids contentFlow curves of aqueous LFP
suspensionprepared witha) agglomerated particlesd (b) dispersible particles,
flow curves of aqueous suspensielectrods prepared with(c) agglomerated

particlesand(d) dispersible particles.
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In the next step, the rhegieal behaviors of aqueous suspenglattrodes, i.e., KB

I LFP aqueous suspensions, were investigated. From the previous analyses, the
percolation network threshold for only K&ntaining suspensions was determined

to be achieved at KB concentrations vbe¢n 1 and 2 wt.%. Based on this
observation, the conductive electrode suspension was expected to be created at a
concentration of 2 wt.% KBTlhe carbon shell around LFP particles may potentially
contribute to the electrical conductivity. Besides, an m®eeinthe number of
contact points between particles is expected due to the increased crowdedness of
suspensions. Therefore, in the presence of both KB and LFP, it was worth
investigating the electrical conductivity and the rheological behavior of 1 MB%
containing suspension electrod@s.in the previous flow measurements, suspension
electrodes showed similar trends in flow behayfigures4.6 (c) and (d)). The

addition of KB to the suspension increased the suspension viscosities significantly
However, the beneficial effect of employing dispersible LFP particistead of

agglomerated onem suspension viscosities remained consistent.

For a quantitative comparison of the flow behavior of suspensions, the changes in
suspension viscosities widpplied shear rate were fitted to the Power Law model.
The results are presentedTiable A1l andFigure 47, in whichK is the consistency
coefficient andn is the power law index in the Power Law, 0 J . In these
results, in almost all cases, thewer law indexn, was found to be very close to
zera This exemplifies a pronounced shahmning characteristic. The 1KB
45LFP-A sample showed an value of 0.002almost the flow behavior limitin
other words, the limit of the maximum solids thahde loaded into the suspension
was achieved. The similarity in the valdes agglomerated and dispersible particle
suspensions in all other casgsowed that the mechanisms dominating the flow
behavior were similar. The consistency ind€xshows the extent of viscosityts
value significantly differed with LFP concentration, KB content, and the
agglomeration state of the particl@s.explained by the Kriegddougherty relation,

a logarithmic increase in suspension viscosity with solids loadasyexpected in

all suspension0,123]
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Figure 4.7. LFP concentration dependency of cotesigy index obtained from

power law for bare LFBuspensionand suspensioelectrods.

The influence of KB addition to the suspension viscosity, or on the consistency
index, was significant (compare the values for 1 KB and 2 KB for 30A 6P 40

LFP-D) regardless of particles being dispkls or agglomerated. Several groups
reported the negative influence d@As on suspension electrode viscosity
[37,39,56,61,124]0Once the suspension viscosities were compared with respect to
the agglomeration state of the particles, the difference was as dramatic as the
influence of KB contentAlmost one order of magnitude difésce inK values was
recorded for the samples of A and D for 1 KBO LFP or 2 KBi 30 LFP. For 1

wt.% KB containingsuspensiorlectrode, 45 wt.% agglomerated particle addition
exhibited a vi &$Thoissi twa loufe 2wBa6sih ©Pnatlys 3 5
dispersible particle utilizationA similar flow behavior, in terms of suspension
viscosity and the level of shear thinning behavior, can be achieved with suspensions
of almost 50% more solids loading when using dispersible particles for the same KB
cortent (either 1 or 2 wt.% KB). Utilizing the same approach, the maximum loading

capacity of particles per unit solvent could be significantly increased using
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dispersible particleg his limit was 30 wt.% and 45 wt.% for 2 wt.% KB and 1 wt.%
KB containing agglomerated particle suspensipngespectively However, it
increased to 45 wt.% and 50 wtwith dispersible particles. These accomplishments
would translate to a volumetric energgpady increase of over 50% for an electrode

[16].

The strain amplitude sweep tests were carried out at an angular frequency of 1 rad/s
(Figures 48 (a) and(b)) to reveal the changes in suspension microstructure.
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Figure 4.8 Rheological behavior analysis of aqueous (1 MS(s) KB i LFP
suspensiorelectrods. Amplitude sweep test measuremeetsorded at @onstant
angular frequency (1 rad/s) for (a) agglomerated partiales (b) dispersible
particles; frequency sweep tests investigaaed specific strain (0.01%) for (c)

agglomerated particleand(d) dispersible particles.
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All suspensions showed almoste or der of magni tude
(Gb60O)

(d)). Therefore, regardlesswhether the particles wedgspersible or agglomerated

than their | oss modul us
the suspension electrodes exhitite solidlike structure, as in the case KB
suspensionsThemutual interactions of KB and LFP particles within the suspension

consolidated a network structure and enhaiitsestrength.

Similarly, the storage modulus ¢&Gplateau valug valuesincreased with increased

KB concentration and LFP loading for both agglomerated and dis|eepsrticles
(Figures4.9 (a) and(b)). However, when the magnitude of storage modulus values
was compared, relatively higher values of agglomerated particlesewielent for

the stronger interparticle interactions in the network formed by agglomerated
particles. In line with this observation, critical strain values commonly decreased
with increasing LFP concentratiohh was expectethat the suspension would get
more solidlike with too much increase in the strength of interparticle interactions.
At low solids loading, on the other hand, increasing interparticle interactions was

helpful to retain the network structure. Thus, critical strain increased in thisiregio
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Figure4.9. Concentration dependency of elastic modulus (plateau value from linear
viscoelastic region) and critical strain for suspensions prepared (&th
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4.3.4 Electrical Conductivity of SuspensionElectrodes

The EIS response of aqueous susperdectrods was investigated for suspensions
prepared with agglomerated and disp#esLFP particles. As presented in the Bode
plot (Figure4.10) and tabudted inTableAZ2, the capacitance values, and thus their
effect on impedance results, were similar in both suspensieatrods of
agglomerated and dispersible particles. Therefore, it can be anticipated that the
impedance of the resulting suspensionsicaigs the bulk resistance of the
suspensions.

6
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Figure4.10Electrochemical impedance spectra (Bode plot) of aqueous (29DJ)i
suspension electrodes prepared with (a) agglomerated paaticd€l) dispersible

particles withvariedsolids loading.

For the suspensions of agglomerated particles (Figdie(@)), 1 wt.% KB (Figure

42 (a)) and 1 KB7 30 LFRA exhibited similar behaviorThe resistance of the
suspension decreased with increasingvEAs inferred from the decrease of the
semicircle radius. Thi®ehavior can be associated with the positive influence of
increased crowdedness of suspensions and the extra carbon content addition with the

use of carbortoated EAM. The movement of partislappeared to be restricted in
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the highly loaded media, and the carbon content was forced to infe@egasing

the LFP loading to 40 wt.% significantly decreased the diameter of the semicircle (to

about .HodveverX further increase to 45 wt.% resulted in a slight increase in

the impedance responséa p pr oxi mately 13 kY. l ncreasing
to 2 wt.%, on the other hand, resulted in a considerable decrease in impedance
response (in thé k¥nhgeVYef, 2t lkk¢/ iamfdl uence of
concentration was similar and led toshght increase in the diameter of the

semicircle Theincreasdn impedance responsdth increasing LFP concentration

may be explained by the domination of the struciutle agglomerated LFP islands

It leavesonly a few continuous electron paths over the more conductive KB particles

trapped between these islané&gg(re4.11 (c)). Similar scenarios emphasizing the

importance of the EAM to KB ratio on the conductivity aheé electrochemical

performance of electrodes have been thoroughly explored in existing literature

[62,125]

When the impedance response of suspensions with dispersible particles was
investigated Figure 4.11 {)), for 1 wt.% KB containing suspensions, it was

interesting to observe thatconductive pattercould not be achieved with even 50

wt.% LFP additionComparedo the behavior of KB aqueous suspensions presented

in Figure 4.2 (@), the presence of LFP patts hindered the formation of a

conductive percolation network. This behavior was expected because the individual

particles would move more freely in the suspension than the bulky agglomerated

ones, which, in turn, would break the conductive pathw@&ygure 4.11 (c).

Increasing the KB concentration to 2 wt.% led favming semicircles with
significantly smaller diameters (in the ran
resistance In contrast to agglomerated patrticles, the reduction in the semicircle

diameter increased with increasing dispersible LFP concentrafios lowest
resistance (nearly 2.6 kY) was obtained at
dispersible particles. This level of conductivity was much lower than the one

achieved using only KBn aqueous electrolyte. It indicates that the number of
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electron pathways was increased in the presence of cadaded dispersible

particles.
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Figure4.11 Electrochemical impedance spectra analgSiguist plot) of aqueous
(1 M Li2SQy) KB T LFP suspensiorlectrodesvith different electroactive material
and additive loading, using (a) agglomerated particles, (b) dispersible padides,
(c) proposed microstructurand potential electron pathwaysrfsuspensions

comprised of agglomerated and dispersible particles.

A suspension electrode's processability and electrical respoaserucial for an
efficient electrochemical systenTherefore,the consistency coefficient and the
electrical conductivity are compared for 1 and 2 wt.%-¢dBtaining suspension



electrods in Figures4.12 (a) and (b), respectively. When the EIS analysis results
were converted to the electrical conductivities (fittipgrameters used to obtain
electrical conductivities were tabulated in TaBl2), similar values (about 0.0015
mS/cm) were recorded for 1 KB and 1 KB30 LFRA suspensiondHowever an
almost 4fold increase to 0.0060 mS/cm was recorded vithefeAM amourt was
increased to 40 wt.% (1 KB40 LFRA). Adding more patrticles (1 KB 45 LFR

A), on the other hand, decreased conductivity to 0.0047 mS/cm. When 1 wt.% KB
was used instead of 2 wt.% KB, the suspensions had much lower viscddiges.
literature doesnot provide a specific value for the electrical conductivity of
suspension electrodes to ensure effective electrochemical perfornrveever,

the low electrical conductivity of thessuspensiongcompared to 2 wt.% KB
containing electrodesyas expectetb limit their use as a suspension electrode. This
condition was even worse upon the use of dispersible particles, where an electrical

conductivity as low as 0.00005 mS/cm was measured.
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Figure 4.12 Comparison of electrical condudtiy and consistencgoefficient of
aqueous suspension electrodes regarding LFP cof@@stspensions including
wt.% KB and(b) suspensions includirgywt.% KB.

More reasonable conductivities, along with gmeperviscosity values allowing the
processing of suspension electrodes, were achieved when the KB amount was
increased to 2 wt.% regardless of the agglomeration state of particles. For the
suspensiorlectrods of agglomerated particles, the electrical condugtincreased

to 0.0150 mS/cm for 30 wt.% EAldontaining suspension. However, this value was
even higher (0.0280 mS/cm) when the EAM loading was decreased to 20 wt.% as in

the case of 1 wt.% Kontaining suspensions of agglomerapedticles. Both
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