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Abstract

Scientists developing energy storage systems, particularly-roethhtteries and
beyond are redeemers ofdeth, targetingby-productsresulting from thenassive usage of
traditional fossil fuelsDespite the current breakthroughs in the progress afiiton
batteries (LIBs), thevergrowing market demanéxpensesas well aghe incorporation
of environmentally hzardous materials in LIBs, willotrelieve corresponding challenges
by 2030. Therefore, it is imperative to implement practical stratedgiesldress these
challenges throughkitherrecycling precious elementsom used batteries or introducing
alternative technologiesuch aspostlithium batteries.To address thesesues, novel
electrode materialsnust be producedrom light and earttabundant ements such as
alkalineNa, K, andnon-metallicN, H, S, O P, and.APotassiumion batteries (PIBs) have
been considered a proper replacement due to the vast abundance of K and a number of its
fundamental advantages over Li such as higher elsmsitivity in carbonate electrolytes
resulting in higher electrode potentials, faster diffusion in liquids owisgtlerSt o k e 6 s
radius and in solids due to largemicity of K-O bonds, noralloying withaluminium etc.
Another reason forthe increasig interestin PIBs recently is similar ion storage
mechanisms in the electrodes as for the materials reported for LIBs. In additienis a
substantial amount of research effort focused on introducing-taxdmn and
environmentally benign electrode reaals for metaion batteries. Rede#ctive polymers
represent a promising solution. Furthermore, organic ragtixe materials could enable

recordhigh capacities and energy densities since they are composed of common



lightweight chemical elementsAnother important feature of organic redasgtive
materials is that they usually have a soft amorphous structure, which makes them non
specific to the irsertingions. Thereforethe same materia@lan operate equally well in Li,

Na, and Kion batteries.Among all explored organic materials, carbeoghtaining
organic redoxactive materials have appealed tremendous attention. However, this class of
materials possesses some challenges in terms of cyclability and condudtvéin, this
dissertatiorfocuseson circumventing the common obstagia the further developmest

of carbonylcontaining organic materiaighich arethe stabilization and optimization of
capacity,cyclability, electrode composition, and mass loadinghi$é family of organic

materias.
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Novelty

1. Scientistshave proposed the use of certain tetraazopentacene derivatives as electrode
materials for metalon batteries; however, no experimental confirmatiaf
octahydroxytetraazapentace@HTAP) has been providesbfar. Therefore, for the first
time, we have investigated the energy storage propertieQHTAP. Furthermore, the
novelorganic molecular structure, octahydroxytetraazapentacene@hBAPQ ), with
superior electrochemical performance in comparisddHd@ AP has been reported this
dissertation

2. We present and examine a set of six innovative reabixe polymergP1-P6) derived

from triquionoyl. These polymers exhibit impressive specific capacities in potassium
batteries, along with reliable chardescharge cycling at both low and high specific
currents exceeding 10 AlgConsequently, these specially designed polymers hold great
potential as electrodes for ultrafastidh batteries, which are essential for various
stationary and portable electpeopulsion applications.

3. We introduce aovelfamily of polymeric material¥7-P9, which are based on ladder
type quinoneswith a rigid structure that ensures their excellent chemical and
conformational stability, making them promising for storingagetum ions.Other
advantages of this family of polymers aijeeasy synthesis procesypiroduciblein large
quantities at a low costii) the potential endidatefor various applicationsand iv)

insoluble in common organic solvents, including thasedun battery electrolytes.
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Chapter 1

1. Introduction

It is well-known that potassium has advantageous atheumn in terms of abundance,

priceNevert hel es s, hygthaticalitedhn@cgnonicoanalystse i he pr i ce

full K-ion exceeds Lion battery technology while utilizingLiNio.eMno 2C0o.202
(LNMC622) and KNio.eMno 2C.202 (KNMC622) cathodes and graphite andide both
technologies(Fig. 1.1) The cost for electrodes (both anode and cathodePIBs
compromises 34.9% vs. 28#intheLIBs technology(1) Thus, it is highly recommended
to focus on the developmeuitthe novel and promising electrode materials to tackle costly
and norenvironmental benign electrode materigdsother obstacle in psenting the
technological feasibility oPIBsis the cyclability of batteries while graphigenot only a
critical material but alsbas annappropriateszolume expansion, leading to the short cycle
life of batteriesespecially in the case of PIBs

Hence, he investigation of alternative materials for plisium-ion battery technology
inspires us to exploréhe electrochemical behavior of novel and promising materials
Although materials containing heavy transition elements with rigid structuresxisb.
Such inorganic materials have a complicated mechanism for buléy Ke/intercalation
causing crystal structure modification and volume expansious, these issues deading

to the capacity degradation of batterigsaddition,conducting ann-depth investigation

22



of electrodes of this nature necessitates the utilization of advanced techniques that are not
typically accessible in conventional research laboratories.

However, organic redeactive materials do not haaeomplex synthesis proceasd ion
storage pathwayAmong different types of organic materials, carberoitaining ones

endow the advantage of high theoretical capacities due to the existence of a palette of
functional groups and the inclusion of light elements in the moleculatste. However,

in order to empower the technological feasibility of this type of material, noigét
circumvent the drawbacksorresponding to carbonflinctional groupbased polymers

such as dissolution of active materials, capacity fading, low -“paging, inferior
electrode composition (less active material contribution), adverse conductivity and
improper initial coulombic efficiency (ICE). The main focus of this dissertation is
electrochemical characterization and solving the aforementioned isghkghted above.

In what follows,the next chaptersf this dissertatiomre described
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1.1. Thesis structure

Chapter 2- Background Introduction about battery performance, a literature survey on
organic materials, electrolytes, and inorganic negative electrode materials.

Chapter 3- Thesis object.In this chapter, the thesis objectivag introduced

Chapter 4- Methodology and techniques

Chapter 5- Design of potassium batteries using organic redeactive materials. This
Chapter explores the novBIHTAP and OHTAPQ, a modified type of the monomer,
adding two new carbonyl functional group# addition, electrolyte formulation,
suppressing capacity fadingpmparedto OHTAPQ is optimized In addition, K-ion
storage properties of a series of novel redottve polymers derived from triquinogire
investigatedThe importance of applying@-based electrolyte to achieve rectmeaking
gravimetric discharge capacity and energy densitpncludeda series of benzoquinone
based laddetype with rigid backbone polymers as anode materials for potassium
batterieds also studied

Chapter 6- Concluding remarks. In this chapter, the achieved resalhdthe discussion

of prospective developmenare summarized
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Chapter 2

2. Background

2.1 Why potassiumion battery?

The International Energy Agency (IEApspredictedanunprecedentedrowth in
demand for energy storage systems applied in electric vehicles, stationary storage, and
portable electronic devices up to approximately 11600 GWh by Z@1The imminent
risk of LIB usage andhe shortage of implemented resouragi®bally has inspired
scientists to consider complementihg current LIBs technologyHence, it is imperative
to exploreits possiblaeplacements. A couple of potential candidates for this purpose are
neighboring alkali elements to Li in the periodic tablegh asodiumNa- and potassium
K. Despite Nabeing more abundant than potassium in E&@rtlerust and ocean, K has
electrochemical similarity to Land even some advantages suchaasore negative
potential vs. SHE impropylene carbonat@C) andsuperior conduetity of K ionin 1 M

KFSI in ethylene carbonat@&C)/diethyl carbonat¢éDEC). (3)

2.1.1Generalintroduction to K-ion batteries

Alkali-ion or secondary (rechargeable) batteries are ushigldo theircapability
of ion storagein electroactiveelectrode materialslue to reversible redox reactions

25



Generally, to extract current from electrochemreactionsnside batterieshe latterare
required to possess a couplieterminals(cathode and anodeelectrodes)The chemical
medium between two electrodes is caléetelectrolyte, which is responsible foharge
transport One may assemblbatteriesn either half orfull cells. The former enablet®
investigatethe K-ion storage properties of electroactive matsriswhere organic or
inorganic electrode materialare studiedversus metallic potassium. However, this
configuration is notrecommended foipractical apptation because of fire hazard
resuling from dendrite formationOn the other hand,#tee and disalered (hard carbon)
or crystalline electrode materials aneekhbedded electrodenay serve as anoglandas
cathods, respectively. Théabricatedbatteryhasanopen circuit voltage (OCV) showing
a potential difference betwedheanode and cathodBuring the explo#tion the battery
underg@sthe discharge process (change of vatiigm OCV to 0 V), requiring Kons to
shuttle fromthe anodeto the cathodand transfer electrons frothe negativeelectrode to
the positiveone to maintain charge ukeality. Duringthe chargingprocess, Kions move
from the negative (reductive) to tpesitive(oxidative) electrodesSuch a backandforth
transfer of ions between two electrodeseferredtoasafir oc ki ng c¢ hoa.i rl nme c h a
addition to tls mechanism, there is another ion storage pathway callediaual)
According tobatteries functioning undénis mechanismseparated anioftationsduring
the charging processeact with the cathode/anode high voltageln the reverse process

(discharging process), anions/cations deintercalate into the elecf{fetyt2.1).
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Anode (-) Electrolyte and mechanism Cathode (+)

Discharge: KTiPO4F ——» K4 ,,TIPO4F + xK* + xe
Charge: Cg + xK* + xe-— K,Cg
Overall reaction: KTiPO4F + Cg —> K, 4 TIPO,F + K,Cq

Configuration: Full cell

Electrolyte: 1 M KPFg in EC:PC (1:1, V/V)

Configuration: Half cell
K Electrolyte: 1 M KPFgin EC:PC (1:1, V/IV)

PTPAN

Fig. 2.1 The introduction of metaibn full, dual ion halcells, and their corresponding mechanisms faoistorage.

2.2 Battery specification

The nmain battery specificationsuch as capacity, reversibility, stabilignd rate
performance of active materials under various current densitiasbe achievethrough
the galvanostatic techniquéhis method is based on the applicatof a constant current
and following the evolution of the cell voltage. The capacity delivered by coulomb
counting when normalized to the mass or volume of the electrode can determine the

specific capacty of the electrode under study

27



2.2.1Theoretical capacity

The maximum metaibn storage capabilitis defined ashe specific capacity

shown in equation (1).

@
Hoe Ai %n 1)

Mw: Molecular weight, n: Number of transferred electrons

2.2.2Capacity and current density

In order b evaluateheK-ion storage properties of explored electrode materials and
predict mass loading ratios for positive and negative electrodesefigitan be designed
where metallic potassium serves ageference/counter electrode @two-electrode
scheme. In a hakfell configurationaspecificcurrent can be normalized to active mass (A
g?}) or Grate (obtainable from theoretical capacity). For exangolesideringCieo= 133.4
mAh g? of KTiPOsF, 1Grate means discharder an hourto extract fullyonepotassium
ion from this material. Tins converting 1drom specific current to €ate is 1C=133.4
mA g. Thecapacity (mAh g) for this type of batteris preferablydefined as gravimetric
capacity. Howeverit is recommendetb reportthe capacity of full cels based on areal
capacity (mAh cr?) to better compardistinct implemeted anode materials in the full

cell batteries.
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2.2.3Specific gravimetric energy and power density

The ability of active material® storeenergy per unit mass mhalf cell, or the
amount of energyof a full cell measuredwith its total weigh, including inactive
electrochemical componenis referredto as gravimetric energy densiiyd isknownin
(Wh kg?). As shown in Fig 2.2, energy densitican be measureby multiplying the
averagalischargegotentialby the maximum discharge capacifjne quickness ofnergy

deliverycan be showas power density wita unit of W kg™

2.2.4Coulombic efficiency (CE)

CE (Fig.22) is defined as the ratio of discharge to charge capacitiygeanumber
of K ions inserted/intercalatedto the cathode to the number of the same ions released
from theanode Due toparasitic crossalk between electrode and electrolyte, CE remain
less tharl00% particularlyat the initial cycles. For example, electrolyte decomposition
by-productsmay accumulate on the surfacetbé anode, leadig to the useof K ions

known asanonfaradiic or irreversible reaction.
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Energy density (Wh kg™)=Qpng * Eayg

E vs. K'/K, V

0 100 200
Capacity, mAh g*

Fig. 2.2 The way of obtaining CE and Energy density fromc¢harge and discharge profile.

2.3 How to distingush battery from supercapacitor materials?

The kinetic study of redox electrode materials is a substantial way to realize the
difference between battery and pseudocapacitive or supercapacitor materials. According to
the cyclic voltammetry (CV) test, the influence of switching scan rate on cuarriec
tracked to recognize whethéne kinetic isdiffusionr-dominant (battery materials, e.g.

LiFePQy) or not. Hence, the electrochemical CV test is first elaborated below.

2.3.1 A brief introduction to the CV technique

CV refers to a dynamic, powerful, and popular electrochemical test that is exploited
to study the redox process of either organic or inorganic materials. Such a technique is

usable to investigate electrochemical reactions within or on the surface adddscBased
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on this test, a couple of target voltages &Wd \%). are defined in order to voltage be swept
between two prelefined voltages at the specific scan or swept rates. CV is used to identify
the reversibility of reactions, as shown in Bi§.for the single electron transfer reaction
The reversibility of the redox reaction is shown through i) The peak to peak separation
should be ~ 57 mV ii) neamodification of peak position as scan rate changes iii) The ratio
of cathodic and anodic current pesthould be 1 iv) cathodic and anodic peak currents

should be proportional to the square root of scan rgitB8)

Increasing scan rate

Y
m

Fig 2.3CV of single electron transfer reaction while the scan rate is incras&].

2.3.2Kinetic study of electroactive materials

The current response from CV is originated from faradiac (diffud@mminant
(iai)) and norfaradic (cap) processes. The mathematic formula where paesatand b
involved (equation Rrepresents that the actual current is sum of slow diffusootrolled
process and neaurface capacitive reactions on the surface of electrode.
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i( 3idapHair= &3 (2)

Logi( 3) =Log a+@®) Log 3
To define the mechanism afn storage, one may calculate adtue byderivingthe slope
of theplot, log i versus log v (equation 3). Aualue around 0.5 shows that the materials
has more diffusioitontrolled process (battery materials) and a b value approximately 1
means that matial ha pseudocapacitive charagstic. Finally, Atransition region0.5
<b<l) means material in addition to diffusion controlled properties has capacitive

contributionin storage of ionas well.(129)

2.4 Electrolyte

PIBs operate using the same mechanisnthad_IB technology, known as the
rocking-chair mechanism, where K ions move between the negative and positive electrodes
via the electrolyte. The developmentPiBs heavily relies on the proper design of the
electrolyte formulation, including the appropriate concentration of salt and solvent. The
selection of electrolyte formulations not only governs optimal battery performance but also
plays a crucial role in understanding the interfacial properties between the ambde
electrolyte. Thesolid electrolyte interfac€SEIl), a welkknown obstacle that limits the
progress and practical application of PIBdows K ions to shuttle between opposite
electrodes while hindering electronic contactsMeenelectrodesandelectolytes (3)

The SEI layer formswvhen the lowest unoccupied molecular orbital of the negative

electrode (LUMO) and the highest occupied molecular orbital (HOMQhepositive
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electrode used in a battetp not fulfil band structure criteridig. 24). In other words,
the SEIl is the product & mismatch ofthe redox potential oBna n o da® wherthe
Fermi level of the anode stays beyonithe LUMO level as well as positioning redox
potential ofthec a t h @) etow the HOMO energy levef electroyte. The weltknown
anode materials such as graphite (G), antimony; &l red phosphorus (P) haa’Eermi
energy state beyond LUMO, leading the spontaneeastion withthe outcome of
interphase layarformation. (5-7) The practical application of PIBs requgénventing
electrolytes with novel formulatios, exploiting proper salts and solvents. In what follows,

the recent progress of electr@yusage is discussed in detalil
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Fig. 24 Schematic representation of electrode and band diagram, SEI formation, and coneept
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2.4.1 Exploring K -containing salts

The conventional expled salts for PIBs, potassiunexafluorophosphatéK PFs)
and Potassium biflgorosulfonylimide (KFSI), have somadvantages and @idvantages.
To compare these salts, KFSI functionality is superior in the anode, whilgi&&towing
better performance in higéoltage cathodeg8) KFSI shows stronger solvatiomhich
mayresult infewerfree solvent molecule&urthermore, weak ionic bonding betweeh K
cations and FShnions leads to elevated conductivity. For example, the electrochemical
characterization of anode materials such as Bi, & Sb incommon electrolyte
formulations like 0.8 M KPFR/EC:DEC and 1M KFSI/EC:DEC showed thatthe
mechanical stabilitpf SEI(homogeneity and integrity) ¢fie KFSI-containing electrolyte
was maintained for thiérst 10 cyclesOn the other hanKFSl is less applicabl® high-
voltage cathodesdueto its higheroxidation tendency ancesultingcorrosionof the Al
substrate.(9) Nevertheless KPFs is ableto cover such weak points becauseitsf
advantages such as superior stabdityoltages aboved V, passivation of Al foil, and cost
effectiveness. The decent performance of the Prussian datéog(PBA) in terms of
optimizeddischarge capacityess polarization potential, and cyclability originates from
the passivation properties of KBFat higher operatingvoltage (10) Given the
(disjadvantages of these salts, the mixture of @PEKFSI)y may be a reasonable
approach to retain the benefits of each while coveaheglisadvarige ofelectrolytesn
low/high voltageslt was found that ionic conductivity was improved throtlggblending

strategy. Besides the fruitftésult came out whefiKPFe)x/(KFSI)y formulation (xy=3)is
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exploitedfor KoMn[Fe(CN)]||G full cell,demonstrating a dececycling performancedor

500 cycles(11)

2.4.2 Exploring solvents

The most studied solvesitor PIBs are carbonaseand ethes. There is a common
trend in implemating solvens of the Li-ion technology inPIBs. For instance, cyclic,
ethylene carbonate (EC) and propylene carbonate (PC), and linear carbonate, diethyl
carbonate (DEC), dimethydarbonate (DMC)and ethylmethyl carbonate (EMCare
usable m both technologieg12) Among theselas®sof solvents, EC and PC haapotent
ability to either dissolve salts or provide higher polarity (charge stabilizatironpntrast,
linear coungrparts enable greater ionic mobility because of lowecosgisy. In the
electrolyte preparation,bUMO and HOMO aergy levels of carbonatebasedsolvents
when bonded with Kon shift to lower energylevels indicating improvedxidation
stabilities butreduced reductiostabilities.Similarly, the same trend in the alteration of
energy levelss observed in ether4#on complexes with more lowering LUMO resulting
in far worsereduction stability(8)

Glymes étherbased electrolytes) are anotliascinating family of lineatype solvents.
Glymes with the general formula {@CHCH2)»-OR; n=1,2,4Monoglyme, Diglyme and
Tetraglyme, respectivelygndow features such #se capability of forming mixturein

polar and nospolar liquids, and constitutg metal complexesith metals (chelation)13)
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Accordingto thecriteria for idealsolventsfor electrolytes EC possesseslagh dielectric
constanthat providesuperiorsaltsolubility and higher ionic conductivity (Fig.5a). In

addition, G has less viscosity (Fi@.5b). Furthermore, EC with HOMQG7.924 eV)

DEC EMC DMC Gy Gy G, PC EC
)y DD PR
~, ~ Y
a o7 o™ o7 o7 Yo7 o O _o— O™ On OO O O o OL)J_\/O
2.805 29 3.107 72 7.4 75 64.92 8978
Dielectric constant @ 25C
PC EC Gy G, DEC EMC DMC Gy
O 0 it it Q ~
b Sij\/o OJJ\O /0\/\0/\,0\/\0/\/0\ /O\/\O/\/O\ /\OJ\O/\ o7 0" ~o JLO > O™~ _0—
(-
253 1.90@40°C 1.01 0.94 0.75 065 059@20C 0.46

Viscosity @ 25 C [cP]

Fig. 2.5 Dielectric constant trend at Z5a) and viscosity evolution at 26 and constant pressusg

presents better oxidation stability athigher potential. Nevertheles&: with LUMO

(2.532 eV) demonstrates proper reduction at lower potdeading to less risk of SEI

formation.(13)

2.5 Categorizing the reported K-organic batteries

There are a couple of approaches for the classificatiargainicmaterialswith

storageusages
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1. According toelectronic configurations,a, beingn, p, or bipolar;
2.According to the €lctroactive functional groupsei, possessingarbonyl,azq nitrogen

containing, metabrganics (MOFs), and so @Rig. 26).

conductive polymer

Adv: High conductivity
Disadv: Low capacity

- s
> | —ftRj— p-type
o 83 ] This work
o 3 ‘ — —
s EIW Carbonyl 2, o
o g i i Z@ » =
(@) @ - n-type / adv: High capacity, B SEzWE
"t ] it R-S-S-R’2 2 2
Q >3 fast kinetics =< uf o
S 33 Disadv: High solubility, n-type $ X S
O 88 S low conductivity RSR §82 O
S} 8 S (@] O 8 g %)
53 ‘ p-type § T =
— > ; n-type ¢ £8 =
() b S Z AN 2 ES =
< 5§ G | R R 2."<"< =
o <q = ‘“) <
z n-type B-type 1 G

R/ + \R'
; Adv: Fast kinetics
Disadv: Low capacity, low conductivity,
high self-discharge, high solubility

Organic radicals

Fig. 26 Different types of organic redeactive materials explored in PIBs with advantages and disadvanta

Based on the first categorizatiapproachn-type organicgFig. 27a) usecarbonyl group
and pyrazine ringthat enable them to attract counter itm®ugh reductionConversely,
p-type materialgFig. 2.7b) capturenegatively charged anionisrough oxidationBipolar
organics possedsoth p- and n-type properties that ming first reduce or oxidize. The
practical implementation of either or p-type organics relies on their redox potential.

Hence p-type organics always serve as positive electrodes witylpe ones are applicable

37



for both negative and positivelectrodes It is worth mentioning that the theoretical
capacitiesof the p-type are normallyless thanthose ofn-type counterpastdue to the
presence of redekactive partsn the molecular structur€ls)

Bipolar (B-type) polymergFig. 2.7c) presenbothn- andp-type featuresThis means

that upon the applied volia they are able eith&y oxidizeto form B" or to reducein the
form of B. (16)

Investigatedpolymer electrodesparticularly nitrogencontaining polymers, have a high
averagavorking potential (MWP) of 3.24.1 V (vs.K*/K) in duation batteriesHowever,
organic electrodes containing carbonyls and disulfiddsere cation insertion is the
dominant storage pathwayossessworking potentiabf less than 3.¥ (vs. K*/K), which

is unsuitable forcathode applicationsThe redox potential of therganic materials is
determinedby the anergy of the molecular orbital and the dislocation ottete density
of aromatic rings(17) This means that electroactive groups witle ability to modifythe
electronic properties of organic molecylegher donation or withdrawaére capable to
manage the potential tfewhole molecule. Tgaina deeper insighito this phenomengn
strong electronegative groupsch as halogedes (18i 22), cyandess (221 24), sulfonyk
(25,26), and heteroargl (271 29), can be attached to main functional groups to latver
lowest unoccumd molecular orbital (LUMO) anbdoost anion uptakingesulting in a
higher redox potential to provide electsns Moreover, there is another approach to
boosing the potential. For example, instead of attaching the functional groups te, meta

ortho, and parapositiors, one may substitute the carbon in the aromatic rings wit, O,
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and S to delocalize electratensity, thus improving the overall potehid the complex

molecule.(30). In contrast, the elevation of LUMO level or decreasing electron affinity of
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organic materialss feasible through electroactive groups with weaker electronegativit

suchas amino, alkyl groups, methoxy groti@Li/Na). (18, 31,32)

Fig. 2.7 Schematic representation of organic redakve types and correspondingi¢h storage mechanisms ajtipe, b)

P-type and c) Btype organic redcactive materials.

2.6 Carbonyl-containing organic electrode materials

2.6.1 A thioether (-S) linker group

According to the Phillips synthesis routan ¢S) bond is linkedto the
benzoquinone rings in the main chain through the polycondensation of dihalogenated
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monomers andN&S. Poly(p-phenylene sulfide) (PAQS) angdoly(pentacenetetrone
sulfide) (PPTS) have been reported for PIB8,34) Obtaining such compounds requires
meeting certain criteria for polymerizations, such as (i) using NMP or DMF as a strong
polar solvent (ii) utilizing N&S as an anhydrous salt, and (iii) maintainingpgr reaction
temperature ( T¥50°C). The averagelischargepotentials and redeactive centers of
PAQS (1.9 V, 2e) and PPTS (1.654e) are achieved ithe potential window of 1:8.4

V and 0.83.2V vs. K'/K respectively. Despite incorporating more active centers in the
molecular structure of PPTS, eithibe inclusion of more electresionating active groups

or charge repulsion among active centers may be responsible for the drop in average
potential. In addition to including 2X momedoxcenter in PPTS, a couple of critical
parameters in designing haktlls cause the superior cyclability of PPTS vs. PAGS.(

3000 cycles @ 5000 mA*gys. 200 cycles @ 200 mAYy Theseparametersre:

1) The consumption of different electrolyte formulations. To evale&etrochemical
properties oPPTS, IM KPFs in DME was exploited, showing a better performance. This
superior performance in comjon to the 0.3 KTFSI in DME:DOL is due to the lower
energy level of DME (2.532 eV) vs. DOL (3.049 eV), providing a better match for the
LUMO level of PPTS and DM#based electrolyte.

2) The inclusion of more carbon nanofiller in the production of the PPTS composite

electrodes 40 v20 wt. %. (35,36)
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2.6.2 An imino (-NH-) linker group

Polyaniline(PANI) is afascinating pionegr-type polymer synthesized via linking
(-NH-) group toan aromatic chain. Based on this route, polymerization octumigh
chemical orelectrochemical oxidation of amirmntaining quinordased monomers. As
for PANI, the presencef the light molecular wight (NH-) groupprovides benefitsuch
as high Gneq high average reduction potential (3vl 1le), and optimum electronic
conductivityfrom the main chain of the structur@7) However the synergyf carbonyl
and amine groups polydiaminoanthraguinones (PQs) results im-type polymersvith
areducedaverage reduction potential. For example, the incorporafigrendant multi
redox centersncreaseghe probability of dissolution ofPQs 1,2) active magrial in the
electrolyte leading tocapacity decayNeverthelessfurther polymerization enabléBQs
3) to show better cyclability (200 cycles @ 250 mA with capacity retention ~ 91%).
(38)
The disadvantage of sualsynthesis pathway ihe difficulty of controlling the degree of
doping. For instance, polyghenylene diamine) (PoPD) withlenty of redoxactive
centers and conjugation was synthesimsithg ahigh ratio of phenylene diamine and

(NH4)2S:0s, cycling stabldor 200 cyclesata high current densitg2 A g1). (39)

2.6.3 Other organic electrode materials

The main objective of energy storage research, particularly orgatassium

batteries, is to prolonthe lifespan of batteries. However, the cyclability lghtweight
41



small moleculess hindered because of dissolving in electrayféherefore, circumventing
the bottleneck of solubility has always remained a challenge. In addition, insufficient
reversibility, volume changegespecially for inorganic materials)and structural
transformationgespecially for inorganic materialaje also potential factodetermining
cycling performancelFor examplethe highest cyclability (50 cycles) was observed in
organic small molecules containing quinoid moieties  (Copper
tetracyanoquinonodimethan@uTCNQ )andbenzoquinongetrathiafulvalene triadQ-
TTF-Q). (40, 41)
To solve the aforementioned issyeariousapproaches have been propodeat instance,
quinone salts withi ONa and SOsNa polar groups showed reducgalubility in organic
electrolytes and improved Li storage performance. Zhao's group exploredigmzitaim
2,5dihydroxy-1,4-benzoquinone ptNa&CsH20s) and the orthali-sodium salts of
tetrahydroxyquinone ofNaxCeH20s) as novel electrode materials for B|Band they
displayed spetiic capacities of 190.6 mA h'gt 0.1C (1C =248 mAY and 168.1 mA h
glat 25 mA ¢, respectively(42)
For organic materialto be competitivewith inorganics, one has to develop synthetic
strategies to enhance-in uptake Given that the large #on uptake othe majority of
reported inorganic electrode materials has challenges such as adverse volume change upon
(de) intercalationof K-ion, causing structural deformation and, thaapacity decay.
Researchers magke into consideratiothe advantageof organic materialsvhich are:

i) The structural diversity;

i) Versatile designability;
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iii) More importantly, ignorable volume change upon battery cyc{4it)
Despite the listedbenefitsof organic materials, one should design strategies to address
inferior powerdensity capacity, and cyclability{42) According to thevorks of literaturs,
some approads have been developed to tadklese issues. We explain these approaches
in what follows:
Firstly, one approach is the modification dfie molecular structure of organic material
from anamorphoushape tacrystallineong e.g.lamellar morphology. It is reported that
a lamellar tetra potassiupyromellitic (K4PM) with four functionalC=0 grous has a
decent cycling performance withhigh gravimetric capacity of 228Ah g* @ 5C. (43)
Introductionof potassium into the structusanboog thetap densitydue to itsheavier
atomic weightind densityn contrast tahelightweight elements such &N and Swhich
arethemain componeistof carbotyl-containing organic material§3)
Secondly, Lee et al. reported a series of PT&ia8ed electroactive materials. They made
these through polycondensation betweemd, B10perylenetetracarboxylic acid
dianhydride (PTCDA) and alkyl diaminé. couple of tactichave been implemented to
improve simultaneously power densifihis correlates with the materials synthesis and
usage of superoncentrated electrolyt® M KTFSI in DME) in the halfcells designThe
former is achievable by shortening the attach&gl @hain linkers (discharging<®E@
147C rate) while the latter is improved \iae consumption of concentrated electrolyte to
reducethedissolution of activenaterials(presenting 1000 cycles @ 7@p (441 46)
Thirdly, Kapaev et al. reportethat the substitution of the exocyclic bonds with

heterocyclic bonds in triquinaknylene (TQY) small molecule and polymerization of this

43



suppresshe dissolution of heaazatriphenylene (HAT)47) The reported impressive
electrochemical performance of HAT, 169 mA"h@ 10 A g' for 4600 cycles is because
of the extended -conjugated backbone and nasimed (200500 nm) its particles.
However, the practical implication of sunktype cathode material in the rd@Bs is not
feasible due to inferion@rage discharge potential (M§atthe potential range of 0-3.4
V. Finally, not only does synthesizing orgapictassium alt mitigate the dissolution of
even small molecule, but also improve conductivity and enable its operation at elevated
temperature (50 and 60). For example, Wang et al. reported lamellar morphehmaped
azobenzend,ANjlicarboxylic acid potassium sal{ADAPTS). Although this strategy is
effective in suppressinthe shuttle effect (king active materials in electrolge the
averagedischargepotential (1.55V in the range 08 V) is too high to utilize ADAPTS

anode in the fultell format.(48)

2.7 Dual-lon Batteries

Scientistaanticipatedhat the invention of conducting polymergire1970s would
assist in reducing the incorporation of conductive nanofiller in the creation of composite
electrodes and, generally, boosting the rate capabifiibatteries(49) Nevertheless, the
unexpected outcomes such as smooth charge and discharge profile, poor cycling
performance, and fast discharging shocked scientés a preliminary example,
polyaniline (PANI) presents 138Ah g* at10 mA g with the support od PMMA-based

gel polymer electrolyte. There is improved cycling stability in comparison taahe
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agueousbased electrolyte-dowever, the slopping charge and discharge pretégeda
challenge. This shortcoming is the resulttloé synergic effect op-doping and storage
mechanisma It means that the shapetbk charge and discharge profile depends on the
amount of doping which modifies as battery (contains PANI electrode) psioesaling.
(50) Thus, to diminish the electronimpact of functional groups on the rigid backbpne
researcherproposeda design ofan unembedded redox center fraifme “-conjugated
backbone.(51) For instance, on-planar and highly crodiked poly(triphenylamine)
(PTPAN)is a type of arylamine compound, wiimanion insertiortype mechanismhere
nitrogenplays the role othe active centerwhich is not embedded in theconjugated
backbone Hence, the expectedn (111 mAh @) is less thanthat of PANI. In
contradicion to PANI, PTPAndoes not suffer from voltage issuith conductivity inthe
doped state as high as 10 Sr(62) The gravimetric capacity dhvestigatedPTPAn
shows 100 mAh g (90% of Gneo With theaverageK reduction potential of 3.¥ in the
voltage rage of 24 V. (52). It seems that the porous structure of polymer ptheway
for anion penetration to compensate oxidatiothetentral N atom.

The incorporation of a couplef redox centers (N atoms) with the aim of improving
theoreticalcapacity (209 mAh ¢) was reported by Fillip Obrezkov et. adoly(N,N*
diphenytp-phenylenediamine) (PDPPD) possdss similar structure as PTPADespite
the improved discharge potential (3\p in comparison to the PTPAnNn (3.28, the
gravimetricdischarge capacity (63 mAhtgrequires to be further optimize(®2)

The other type ofp-type cathode traditionallgxaminedas a hole transport layein

optoelectronic devices @oly(Nvinylcarbazole) (PVK)Redoxactivecenters inPVK are
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not embedded in the main aliphatic backbone. Because oftti@sloping level has no
influence on the redox potential. PVK delivers the acceptable gravimetric capatity

mAh g'@ 20 mA ¢ which is 896 of Gneo (54)

Polydiphenylamine (PDPA) is anotheathode material with some characteristicat
correspond to practical inorganic cathode materials. PlRd3A cation stabilization center
because othe connection of a couple of phenyl rings to the central N aidm. energy
densityof PDPA is optimized up to 46&/h kg? in K half-cell. (55) Polycondensation of
dihydrophenazine with diphenylamine produced PDPAPZ. This new molecular structure
with a reduction potentiabf ~ 3.55V in potassium haitell demonstrateén energy

densiy of 398 Wh kgtat current densitpf 5 A g?. (56)

2.8 B-type electrode materials

Nitroxides arethe buildingblocks of this class of organic materials. Nitroxides
incorporated in the functional organic material can proaudeped aminoxyl sadt(Fig
2.8a) and p-doped oxoammoniumalt (Fig. 28b) upon reduction and oxidation,

respectively. TEMPO can be considesgshradigm manifest of Bype polymers.

a b N
\N/ \N/A_

I ) M+ Il

O O

Fig. 28 n-doped aminoxy! salfa) p-doped oxoammonium s
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Nakahara et al. implemented TEMPO redoxactive group in poly (2,2,6;6
tetramethylpiperidinyloxyd-yimethacrylate) (PTMA), demonstratingn&= 111 mAh ¢

(1e) with anaverage potential ~ 3\8. (52) Unfortunately, adverse electrical conductivity

and solubility of PTMA in Li cell are main obstaclis practicalapplicationof PTMA.

These issues might be circumvented by modifying the synthesis process such-as cross
linking and increasing aromaticity grafting with carbon nanotube (CNTH2) However,

there is no report corresponding to the usage of PTM#&éK cell. The molecular

structure of all discussed organic redactive materials are presented in EAg.

2.9 Potassium metal: a member of alkali metal anode

To pair with highcapacity cathode materials, the pursuit of atkadital (Li, Na,
and K) anodes is becoming a necessity for the development eéhayhyy batteries.
To evaluateheelectrochemical perfanance of synthesized materials, one needs to adjust
the achieved material with the alkatietal (Li, Na,or K) anode. Hence, we summarized
the physicaelectrochemical properties of alkali metalsd other (di)/trivalenélementsn

Table2.1. (14,57)
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Fig. 2.9 All molecular structurediscussed above. ajtype organic materials (black colour) b) bipolar (dark gregour)

c) p-type (red colour).

Table 2.1Physico-electrochemical properties of alkali metals and other (di)/trivalent elenmemistation batteries
(14,57)

Electrode  Ciheo(mAh g?) Deposition potential vs Li/lX{V) Density (g cITd)
Li 3861 0 0.53
Na 1166 0.34 0.97
K 685 0.12 0.89
Mg 2205 0.67 1.74
Ca 1337 0.18 1.55
Zn 820 2.28 7.13
Al 2980 1.38 2.7

2.10 Carbon-based anodenaterials

2.10.1 Graphite

Graphite (G) is formed when honeycographene layersrestacked on each other
known asiBernal stacking (Fig. 210a) with aninterlayer distancef ~ 0.335 nm(58) Ji
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et al proposed the intercalation/deintercalation hasgsm for Kion storage ina non
aqueous medium, using (MBKPFe in EC: DEC. (59) Whencompletely intercalated with
K-ion, graphite deliversapacity- 279 mAh ¢ with avolume changef ~ 60 %. Operando
X-ray diffraction (XRD)shed some light on the mechanism of ion storagéreasdructural
instability of graphite upon uptaking-ions The K-ion storage mechanism of graphite
consists of threstages at different potentials consisteith the XRD data. At stage iii
where G gires 36 Kions(Fig.210b), in the potential range of ~ @3 V (Fig 210c), a
couple of peaks at 22.0and 29.40(Fig. 210d) appear followinghe disappearanazf

i ntense Hax.70h Ehakraksal & 20.20 and2 & 30.60 confirmthe phase
transition from KGe to KCo4. Discharge to the lower potential (0.01 V) and 0 V causg KC
and G phases, respectively. Unfortunately, less intenses pgsin (de)intercalation
corroborate damage to the crystal structuhefortunately, G has dis@antages such as
poor cycling stability despités ubiquitoususage inLIBs. Severalfeasible approaches
exist to tackle the highlighted issues. Firstly, Feng et al desigmd synthesized the
expanded graphite (EG) with a large interlayer spacingdardo accommodate bulky-K
ions. Hence, this way boasgravimetric discharge capacity to 273 mAh@ 10 mA ¢.

In addition, EG is stable with almost no capacity fading for 500 cycles @ 200'n{B0y

In another approach, Pint et al. recommend&dgendoping of G to provide more active
sites for intercalating more Kons. However, this method cannot soldlee volume

expansion problem of G61)
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Fig. 210 AB Bernal stackingschema of grapher(a), triple stages of on storage in graphite (bthe
first charge and discharge profile of G||K at the current density of 27.9t#), gvaterfall XRD patter
of G||K during discharge and chaig@®. (159)
2.10.2 Soft carbon

To explore alternative carbdrasedmnaterialswith enlarged interlayer spacing, Jian et al.
reported soft carbon withan almost amorphous structure with some degree of
graphitization degree when the 2800 °C is implemented durinthe synthesis process.
(58) The presencef graphitization insid¢hestructure improves conductivity atfte non

crystalline part ofthe structure ensures cycle and rate performance ofcadfion as
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exploredin K half-cells because of better compatibility of soft carbon and electrolyte. For
example, the capacity of PTCDBderived soft carbon delivers 140 mAR@ 5C while G

is not functioning at the high current raté2)

2.10.3 Hard carbon

Hard carbonHC) consists ofa disorderedamorphous morphologgnd graphitic
domainspossessingpacious layer spacing, accommodating moser and itresists
graphitizationeven atemperature (H2000°C. Jian et alverethefirst to investigatethe
K™ uptake of HC showing superior diffusion coefficientomparedo Na'. (63)

HC hasaninappropriate ICHe.g 36.68 % when the synthediss 900°C) and adverse

rate capabilityhindering the technological feasibility of HC as an an(@#).Theseissues
emergerom a large specific surface area as webtagcture defectsorresponding to the
graphiticstacksof HC. (65)

Ghimbeu et al investigated the impact af in the hydrothermal synthesis on the
electrochemical and phystegectrahemical of HC in contragb the ICE of commercial
graphite (GfSLP 30). Regarding ICE, this study presents H@tprepared at T=170C
(further denoted as HC1700) has ICE=62% which is superior to HC1500 (ICE=54%),
HC1900 (ICE=51%), and GBLP 30 (ICE=43%). Neverthelessisingthe T does not
improve the rate performance of ICE1700. For example, HC1500 presents 230'aiAh g

10Crate, while HC1700 and HC1900 demonstrate 228 and 214 maAtidentical Qate.

51



They claimthat the reason might be due to interlayer spaogtgeen graphene dudefects

in the structure of HC150066)

2.11 Alloying materials

Elements from groups IVA and VJAs well agheir related intermetallic
compounds of the periodic tableave caught thattention ofresearcherdue totheir
high theoretical capacityvhich iscomparable eveto metallic potassiumrhe reported
elements are Si, Ge, Bi, Sn, Sb, Bibd P with tle general mechanism showneiquation
4,

XA +yK'+ye 5 KyAyx A: Alloying material (4)
Neverthelesssuchelements do ndulfill the requirement for anode matesibecause of
hugevolume variation. Such compounds suffer frtme adverse epansion of unit cell
volume andooor electronic conductivifye.g. particularly in the case of red and black P,
leadng to improper cycling performanc€67) Table 2.2 summarizes theslectrical
conductivity and Cineo Of alloy-based materials. Some of sleelements are capabtd
alloying with multiple K, endowinghem withthe advantage of a highnts
There are severalays to solve problems corresponding to the volume variation of alloy
based anode materials. Firstly, scientists reported on the nanosizing and carbon coating of
active alloybased materials. For instance, a sonoelectrochemistry synthesis route is

implemened to achieve namrsize Bi from bulk in order to buffer the volume change.
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Although success has been achieved in the developmentiaf Ktorage properties

(delivering gravimetric capacity ~ 200 mAR@ 20 mA ¢ after 2500 cycles), inferior

Table2.2 Initial alloying materials with their conductivity and final alloying puati with associated theoretical

capacity.(68)

Initial material Electrical conductivity (S m) Final alloying material Ctheo(mAh g?)
Si <10t KSi &K 1.1Si 955 & 1049
Ge 2000 KGe 369

Pb 4.8*10° KPb 126

P 10'RP) & 3*10/(BP) KP & KaPs 865 & 1154
Sn 9.1*1¢F KSn 226

Sb 2.65*10° K3Sb 660

Bi 7.7%10° K3Bi 385

initial coulombic efficiency is obtained because tfe erharcementof the interface

between Bi nangarticlesand electrolytewhich increaseghe risk of SEI formation

detrimental to the practical usage of such matdi68). Another commonly appliethctic

is producinga heterostructure or binary alloy. With thmsethod,some percentage of

volume variation mape diminishedForexample, Bi possessalarge interlayer spacing

in thec-direction 8.95 A bigger than Kon size), which hathe potential to store large-K

ion. However the low Gheohinders the usage of Bi in batteries. To optimizg{3®ne may

synthesizea binary alloy with Sb to improve ez As a result of implementing this way,

the volume expansion becomes 22% lesba@tase of kBi (406%).(70)
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2.12 Conversion Materials

These types of materials do meqjuirelargecavitiesto host kions. Instead, they
havea large interlayer spacing thestconsidered atructuraladvantagdor storingK-ion.
Additionally, conversiortype compounds have a largeidedue to the nature dheion
storage mechanism. Neverthelebsth alloying and conversion compountieve a
commonchallengeuponthereleaseand uptakeof K-ions The same approachesedfor
alloy-type materialsare applicableto these anode materialas well (71) Accordingto
eguation5, conversiortype compoundstore Kion in the transition metal separatand
K-ion establisks abond withtheanion part.

MxBy+nKY M +K.By, M: transitionmetal; B:ananion (O, S, Se, F, N, P, et(9)

2. 13 Polyanion compounds

To tackle with bottlenecksrelatedto improper structural integrity, robust 3D
structure referredto as polyanion compoundasesynthesized and introdutteT his class
of compounds constitusea combination of tetrahedra [(XP" or (XmOzam+1)™; X = P, S,
W, As or Mo] and polyhedra [(MO)M = transition metals].Tetrahedrecontaining
electronegative groups are strong enough to establish ionic bonds with oxygen amd bridg
neighboring polyhedra groups, creating cavities to accommodate alkall lenignization
of bonds can bstrengtheadby exploitingt he @Ai nduct i ¢heintedutienct o

of Finto the 3D polyaniofbased structure.
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Hence, the general formulati®tMXO4L [A=Li, Na, K; M =Fe, Ti, V; X=P, S, Si; L=
O, F, OH] belongs tdahe KTiOPQOs (KTP) structural class where M-O-X anionic
network is embedded in XQetrahedra and Mébctahedrdorming a helical chain(Fig.
2.11). This type of 3D open structupessesseshannels irtheb directionwith activation

energy ~ 0.52 eVbo facilitate Kiion exchange(72)

a b

L=01FIOH /“O a

Bt
A%;:"Y v
nﬁgﬁ‘

Fig. 2.11 A schematic representation @fnnecteactahedon and tetrahedm with the possible embedded

A=Li, Na, K

M=Ti,V, Fe X=P, S, Si

elementsn the KTP structurea) anda 3D image oftheKTP structureprojected along th@10] direction(b).

The fascinating feature dlfie KTP structure ighe incorporationof Fe, Ti and V as core
redox centes, enablingheimplementatiorof suchamaterialas cathodes and anodé&kis

is becausdhe versatile oxidation stasef central transition metalllow for the assembly

of afull symmetric battery. Full symmetric batteries refer to a type of battery winere
aforementioned materiatgeapplicable as positive and negative electrodes. For example,
M (Ti and V) utilizesthe redox reaction of Kand M*when used atheanodeas wédl as

M3*and M*as applied athe cathode.
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2.13.1V and Ti-based polyanion anodes

The firstV-based polyaniomnode material VPQ:. Fedotov et al firsteported
the intercalatiorb a s ewPO, Bdopting fromthe U-CrPQ; structure. They synthesized
VPO, through heat treatment of the precursor,4sMPIOs. Despite the large teo ~ 550
mAh ¢!, -VBOsdelivers 37 mAh g in K cell. (72) On the other hand, the conversion
based carbowoated VPQ@F (F stands for flowelike structure)synthesized by reflux
route, delivers ~ 400 mAh'@® 50 mA ¢. (73)
When V is exploited as the core redox center, the oxidation state variation from 3+ to 2+
may endow the anodic characteristic to KMP@KVPF). Considering this, Zhang et al.
synthesizedVPF and chareterized it electrochemicallysing 1 M KPkin EC:PC in the
potential window of 8 V. Electrodes containing0 wt % of KVPF delivered 105 mAh
gl@ 100 mA ¢ with 91% of capacity retention after 100 cyclé®t) The lowest volume
variation (7.1%) amonghe KTP family has been observed Ko 76Vo.55Nbp 4s0PQy
(KVNP). Neverthelesst is not recommended to implement KVNP for anode due to the
low Cineo -97 mAh g. (75)
One may switch the redox center from V to other transition elements, e.g. TiTri§e.
an abundant transition elemdahttcanbe exploited in aerospace, medical surgand
energy storage. The latter application is duéheovariousoxidation statesf Ti (2+, 3+
and 4+).Ti-based NASICON materials withhexagonal structure refeto the family of
compounds with high ionic conductivity. The structure conssttite connectiorof six
vertexsharingtetrahedawith Ti-O octaheda. (76) As a manifest paradigm of this family,

the phas transformatiorof KTi2(PQu)s between phase (KTiz(PQu)s, Ti®*) and phase 2
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(K3Ti2(PQu)s, Ti*") is responsible for Kon storage(77) Another approach to further
improve the conductivity afuch phosphates by nano sizing and incorporaty a carbon
matrix. In this way, KTi(PQy)s delivers 297mAh glin the potential range of 0.AV.

(78) Qi et al, reported KTiOP£as a workable host, cycling for 10000 cycles. In addition,
KTiOPOs shows 176 mAh 4@ 30 mA ¢ (79) Of course,the KTP structural anode
comprising Ti and V would bring fascinating result. Carbamated K 13V 1.52Tio.4dPQu)3
(KVTP) presented a superiority based on discharge capacity ove(PKii:@C and
KVNP. KVTP presents 136 mAh'@ 10 mA ¢. (80) Recently, aMiXene-derived carbon

c 0 a t-BAL(POy)2 with a low K ion migrationenergyof 0.23 eV and small volume
variation of 9.18% showed promisitgion storage properties delivering 134.5 mAh g

after 2000 cycles at 1.0 Alg(81)

2.14 Concluding remarks

In summary, the introduction of novelrganic, fon@-crystalline inorganic
materials to mainstream PIBs is a rapidly evolving field. Generally, in this chapter, various
anode materials ranging from organic to inorgédvased (carbobased,
conversion/alloying, and polyanionnaterials have @ analyzedand compared,
highlighting the (dis)advantages of each material. Organic materials owing to libimy in
incorporation of distinct functional groups offer high gravimetric capacityaaagdost
efficient, buthavepoor cycling stability, soloility, andinferior active mass loadinipat

impede further implemerdtion of these materials irthe battery landscape. Although
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carbonbased materialendow advantages of decent cyclability, the eneaysuming
synthesis processand the structural integrity remain challeng&espite the high
gravimetric capacity of llying-type anodesvolume variation leadgo capacity fading

upon cycling Likewise, conversiortype anodes have high capacity but suffer from poor
reversibility and low cycling stabilityAs ahigh-capacityanodemetallic potassium anodes
possessedium Gheobut are highly reactive with electrolytesth afire hazard The outer

layer of alkali metals, such as lithium Li, Na, and K, is known to develop an wadiag,
primarily composed of O with a layer of KQ on top. Notably, the oxide layer on K is
more porous compared to that on Li and Na, even when potassium is handled with care
within an argon (Arfilled glove box. An additional challenge associatedhwiting
metallic potassium is its strong propensity to develop dendrites when it comes into contact
with the electrolyte. This is particularly concerning as the onset of dendrite formation
occurs at a remarkably low crossover current, as low as 0.2 A Tnis behavior is

likely attributed to the relatively high sdliffusion coefficient of potassium compared to

Li and Na.To sum uptheselectiorof anode materiahighly relieson specific application
requirements such as capacity, stability, cost, safety. It is recommended further
explorationto optimize the performance of these materials for pradgtigalementatiorin

PIBs.
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Chapter 3

For an extended period, the integration of organic materials into-imetadttery technology

has posed substantial challenges. Organic materials are prone to dissolution in carbonate and
etherbased electrolytes, with carborgdntaining organic materglbeing particularly
susceptible. Their performance is hindered by lower tap energy density, reduced
conductivity, capacity degradation, and suboptift. In this context, we introduce 11

novel organic redomctive materials within the carborgbntainirg family, widely
recognized as one of the most formidable classes of organic materials. Our goal is to address
the longstanding challenges that have persisted since the 1980s. To achieve this, we have

established the following research objectiaed detded research flow chart (Fig 3:1)

3. Thesis objectives

Aim: Design of advanced-kon batteries using organiedoxactivematerials.

Objectives

1 Characterization of therganiccarbonytcontaining small molecules and polymers
U Tetraazapentacermsededoxactive materia,
U Polymers derived from triquionoyl

U Rigid backbone quinonkased polymers
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1 Electrochemical characterization of the materials in-balls with K-anode (cyclic
voltammetry, galvanostatic charge/discharge, etc.);
1 Investigation of prope electrolyte formulation to match well with metallic
potassium;
1 Exploring K-ion storaganechanisnof carbonytcontaining materialby means of:
U X-rayphotoelectron spectroscopy (XPS)
U Fourier Transform Infrared Spectroscqyf IR).
1 Optimization ofthe electrodesn order to reach the highest capacity and the best

chargedischarge cycling stability.

Obijective 2

Objective 1 ective _
Optimization of mass-loading

Overcoming capacity decaying issue

Comparing ether and .
carbonate-based heeale o e ?c?r?#icl)t::::)r? ftc(: az%mmn %
electrolytes storage mechanism :

Investigation of other
functional groups on

No . Optimize cyclability and conductivity
If electrolyte works Switch salt discharge capacity of
batteries
Investigation of the impact
of MWCNT on the

Yes performance of half-cells
Optimize capacity .

IVEEIEEID el = E retention of batteries

Optimize cyclability molecular structures

1 Optimization of the electrode composition and rrassling.

U Replacing carbon super P with MWCNT

Fig.3.1 Research methodology flow chart
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Chapter 4

4. Methodology and techniques

Organic redoxactive materials were synthesized in the Institute for Problems of
Chemical Physics, Russian Academy of Scienc€ainoxalino[2,3b]phenazin
1,2,3,4,8,9,10,1-bctaol or octahydroxytetraazapentacene (OHTAP),
octahydroxytetraazapentacenedi¢@&ITAPQ), andP1-P6 were synthesized by Dr. Igor
K. YakuschenkoP7-P9 were provided by Dr. Alexey Kozlovhe g/nthesis procesas

well asthe characterizationf these materials are elaborated\ppendices A

4.1 Assembling of ptassium halfcellsfor polymers

Cointype cells (CR203Fig 4.19 were used to characterize electrochemical
properties. The positive electrodes were preparéde following way.The PVDF binder
(20 mg,Gelon Lib) was stirred with 1.5 mL of-Khethyl2-pyrrolidone (NMP) for 30 min.
Then, wellgrinded active material (one thfe organic redoactive materialsL00 mg) and
conductive filler (80 mg, supd?, Gelon Lib) were added toeghPVDF in NMP. The
mixture was stirred at room temperature for 12 h and the resulting slurry was cast on Al/C
foil (Gelon Lib) by an automatic tape coating machiRig. 4.1b)and dried for 8h inside
the vacuum oven. The active mass loading for all polgmeis ~0.3ngcm? (except when

stated otherwise). To assemble the batteries;dvigltl roundshape (d=16 mm) composite

61



electrodes were transferred into theflled MBraunglove box (HO and Q<0.1 ppm).
The negative electrodes were prepared by presstigvashed metallic potassium (150
170 mg) on a steel spacer (23n6Glass fiber filter (WHATMAN, 1 layer) was used as a
separator. Then2D uL of the eletrolyte represented by the 2VBsolution of KPk in G2
was appliedo the steel spacelt should be mentioned here that in the cas®IdiT AP

andOHTAPQ, 1 M KTFSI in DOL:DME (1:1, v/v)wasused to evaluate §on storage

properties
a b
o T 1. Slurry 2. Tape 3. Cell
’_j Anchor preparatlon Castmg assemb“ng
L - —— K metal slice "

oL
__— Separator . 4‘

»
- |
— Electrode (PDPA, Super P
" - PVdF: 50,40,10 Wt%)
) T Bottom cap

Fig. 4.1schematic representation of ha#ll (a) ancElectrode preparation proces.

Half-cells were cycled repeatedly within the voltage window of4W (except when
stated otherwigeThe fabricated potassium halélls were characterized by potentiostatic
measurements (cyclic voltammetry) usitige Biologic VMP3 instrument and by
galvanostatic measurements (chadggeharge cycling) using the battery analyzer 81'S

V (Neware Technology Ltd.). Before performing the final measurements, the cells were
preconditioned imgalvanostatic regime at the current density of 0.5 Afil the specific
capacity value was stabilize@he nitial evolution of the specific capacity was attributed

to the SEI formation and electrode activation. Typically, such preconditioning required

several tens or even hundreds of cycles (dependitigeomateial activation behavig.
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4.2 Potassiumbattery fabrication by spray-coating

For OHTAP, we are exploring spray coating to control thickness, uniformity, and
adhesion to the Al current collector. However, for the other materials, we are exclusively

investigating tape casting.

The electrode composite was prepared using 50 wt. @-HJfAP active material, 40 wt.

% of Super P conductive filler and 10 wt % of PVDF binder all dispersed in NMP. The
slurry was mixedvith ahomogenizer for 30 min and sprayated on a Al foil and dried

at 70 °C under vacuum for 14 h. The electrodes were cut into 16mm diameter circles and
dried at 110 °C for 1 h. Coin cells were assembled with potassium foil as the
counter/reference electrode, a whatmaasglmicrofiber sepai@, and 1M potassium
bis(trifluoromethane sulfonyl)imide (KTFSI) in mixed igimethoxyethane/ dioxolane
solution (DOL:DME = 1:1 v/v) as an electrolyte (120 pul per cell). The active mass loading

was ~ 0.1 mg cr The cells were cycledithin the voltage range of :3.1V.

4.3 Prepotassiation of organic materials

Solutionbased prgootassiation is a straightforward technique used to investigate
the uptaking of metallic potassium by functional groups. In this method, the composite i
treated with potassium naphthalene, leading to a discernible change in the solution's color
as the reaction progresses. Subsequently, the reacted electrodes are examined using FTIR

to compare their spectra with those of pristine organic materials. fjmeach offers the
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advantage of bypassing the arduous process of extracting electrodes from cyetggecoin

cells.

A dry and clean piece of potassium (90 mg) was dissolme0.25 M solution of
naphthalene in diglyme (1 oy to obtain a dark greesolution. Pristine electrodes,
containing 90 wt% of the active material and 10 wt. % of carboxymethyl cellulose (CMC)
binder were soaked in thesulting solution (1 m) for 12 h. Afterward, the electrodes
were washed 3 times with dimethoxyethane (5 each time) and dried in a vacuum
antechamber. All the aforementioned procedures were performed in fiieedhiglove

box.

4 4 Material characterization

A Bruker ALPHA 1l spectrometer placed inside a nitrodéled glove box was
exploitedto measure FTIR spectra. The spectra are recorded in the range -@f0006(
L with a resolution of 2 cthand 3 scans averaging.
The specific surface area was estimated from the nitrogen adsorption isotherm that was
measured at the temperature of lignittogen with a NOVA touch LX. The significant
degassing step was done in a dynamic mode for a couple of hours°&. 30D calculate
the specific surface areife BrunaueEmmettTeller (BET) methodwhich is achievable
from nitrogen adsorption datathe relative pressure (R#9.050.30).Scanning electron
microscopy (SEM) images of polymers were obtaineshga ZEISS LEO SUPRA 25

instrument.
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X-ray photoelectron spectroscopy (XPS) eleneel measurements were performed using a

PHI 5000 Versa ProléPS spectrometer (ULVAC Physical Electronics, USA) based on a

classic Xray optic scheme with a hemispherical quartz monochromator and an energy
analyzer working in the range of binding energies from 0 to 1500 eV. The apparatus uses
electrostatic focusingnd magneti c screening to achieve a

eVv.
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Chapter 5

5. Design of potassium batteries using organic redeactive materials

5.1. Introduction

The interest ofesearchers to investigate organic redoiive materials has been
increasing rapidly within the last few years due to the impressive characteristics they
showed in metalon and redoxXlow batteries (82-84) The concept of using organic
compounds as el#ode materials for batteries emerged more or less at the same time with
the discovery of inorganic intercalatibype compounds. However, in view tife great
success of inorganic materials in the late 1980s, their organic counterparts have been
slower todevelop. Moreover, inorganic anode and, particularly, cathode materials are
approaching now the limit of their development with respect to the achievable specific
capadiances and energy densities5)(®n the contrary, organic materials are emerging
and have begun to show superior characterigi3&88) While inorganic materials still
form a basis of industrial Lion technology, many research groups over the world work on
the development of promisir@yganic electrode components. Unfortunately, the practical
implementation of the current generation of organic electrodes is hampered due to a
number of issueg87-90) A major challenge is related to the fact that most of organic
materials undergo partiaissolution in the electrolyte, which is leading to the battery

capacity fading during charge/discharge cycling. Another major issue is related to low
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electrical (and often ionic) conductivity of organic materials, which is mitigated by adding
considerale amounts (up to 60 wt. %) of conductive carbon filler at the expense of the
battery capacity.

The next generation of organaectrodematerials(both cathodes and anodesjould

satisfy a number of requirements, particularly being completely insailulakectrolytes,

have intrinsically high ionic and electronic conductivity, show high capacitied
demonstrate excellent electrochemical stability. Batteries based on organic materials are
expected to deliver both high energy and power densitieshbeigg capable of gaining a

full charge and discharge in much less than 1 h. Finally, organic materials should be based
on abundant, cheapnd easily ppduced redoactive compounds3p-84, 86-88).

Organic carbonyl compounds represent probably one of tst promising fanies of
redoxactive materials. 1) Armand et al. showed in 1997 that partially metallated
polyoxycyclohexanes suchA3sOs can be further reducecha loaded with lithium ions.

(92) However, it was shown ter that such compounds anastable in air, while their
cycling stability in batteries is very poor due to a high solubility in dogeerbonatebased
electrolyte. (3, H4)

The aforementioned issues can be resolved by using patymegioxactive materials
(95,96) or specific low nelecular weight compounds featuring planar molecular structures
and capabl e ostacdkimgenBuch properties <can
derivatives of tetraazopentacenes, which haenlirst synthesized thhe 1960s. (9,99)

There are manyesearch pape(99-102) and patent$103-106) reporting the application

of tetraazopentacenes in organic fielfect transistors, diodesnd photovoltaic cells
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(107). Recently, a potential application of some tetraazopentacene derivatives as electrode
materials for metalon batteries was declared in a patent, while no experimental
verification has been reported so. fd08)

Here, wereport theK-ion storage propertiesf promising compourslof the organic
electrode materialgFig. 5.1). Quinoxalino [2,3-b]phenazinl,2,3,4,8,9,10,1-bctaol or
octatydroxytetraazapentacene (OHTAP), octahydroxytetraazapentacenedione
(OHTAPQ), a series of a series of novel redaotive polymers R1-P6) derived from

triquinoyl, anda family of laddeitype quinonebased pgimeric materialsR7-P9).
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5.2 New tetraazapentacendased redoxactive material as a promising high

capacity organic cathode for potassium batteries

We have explored the potential GHTAP as a cathode material for potassium
batteries. The HOHTAP cells were fabricated using either the tape or the spray coating
of the slurry (OHTAP+SupeP+PVDF in NMP) on Al or Al/C current collectors. A1 M
potassiunbis (rifluoromethanesulfonylimide (KTFSI) solution in dimethoxyetha and
dioxolane mixture (DOIDME = 1:1 v/v) was used as the electrolyte.

The chargealischarge characteristics of th¢f®HTAP cells (Fig.5.2) fabricated by tape
coating of a thin layer of the cathode composite on Al foil show clearly that the first few
cycles are associated with some irreversible processes, which are most probably related to
the OHTAP conversion to its potassium sak®HTAP.

The SEI formation might also contribute to the irreversible capacity at the first cycles. The
irreversible processes were accompanied by high coulombic efficiency (CE) exceeding
100% for the first ~ 10 cycldsecause othe formationof the OHTAP -K eman#edfrom
probablythe consumption ofionetransparent electrolyte amdpid dissolution of active
materialgFig. 5.2b). For subsequent cycles, the CE was slightly below 100%dknown

that haltcells with K anodes usually give CE <100% at relatively turrent rates due to
parasitic reactions indudeat highly reactivenetallic potassium(109) It has been shown
recently that this effect can be mitigated dgignificant incease in the current density
(36), which turned out to be challenging fOHTAP -based cells, which do not operate

well at high current rates. The|lRHTAP cell capacity stabilized after-B0 cycles at ~
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220 mAh @', which corresponds to ~ 50% of the theoretical capacity valtieons are

larger than Li, therefore some steric hindige effects might be responsible fibre
incomplete involvement of th©HTAP hydroxyls in the redox transformations with
potassium ions under the battery cycling. It is very probable that only foigni can
occupy energetically favorable positions ie @HTAP framework.

In spite of the aforementioned limitation, the achieved practical capacity of 220 fidh g
already quite impressive for potassium batteries. To the best of our knowledge, it represents
the highest value reported so far for potassiamstorage in organic cathod¢$10-115)

It is also notably higher compared to virtually all evaluated to date inorganic eatfard
potassiurdon batteries(116,117)

Unfortunately,the cycling stability of the KJHTAP cells was not very good and the
capacity slowly decayed to ~162 mARht gfter 50 cycles. We believe thidie dissolution

of the active material in the electrolyte is the main reason for such degradation. To mitigate
the capacity fading, we used a carlmmated Al foil as a current collector and applied
thicker cathode composite films by sprayating. This appradn leads to a lower cell
capacity of ~ 110 mAh-gobtained at the first cycles at 1C current rate and the stabilized
value of ~ 70 mAh @ reached after ~ 25 cycles. These cells showed decent stability and
maintained still ~ 50 mAh-§after 500 chargeischarge cycles at 1C rate (Fig2c). The
obtained results clearly show a high potentiaD&fTAP as organic cathode material for

potassium ion batteries.
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Fig. 5.2. The chargdischarge profiles (a) and cycling performance oOK[JAP c el | s at &/ 10
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5.3. Octahydroxytetraazapentacenedione: New organic electrode material for fast

and stablepotassium batteries

Many publications are addressing the application of organic racibxe materials
(low molecular weight materials and polymers) as electrode materials in batteries
(118,119) Unfortunately, most low molecular weight compounds shop@alr capacity
retention because of the dissolution of the active materials in electrolytes
(40,112,114,1191 121) Proper electrolyteselection has been considem@ake of the most
promising strategies to overcome the aforementioned challEr&s
Glymes [R-(OCH:CH2)r-OR] represent the main family oétherbased electrolyte
solvents. Johansson et al. performed a systematic physicochemical study of different
electrolytes in inorganic sodiuion halt and fullcells (47) It was found that M sodium
hexaflorophosphate (NaRFin G, forms a stable solid electrolyte interface (SEI) with
conventional electrode materials suciNasV >(PQy)2Fz and NaV2(PQy)s. The application
of Gz as a solvent in the #on batteries was first reported by Zhang et al., who uddd 1
KPFsin G2 to stabilize the interface with the nanostructured bissbaded anode matals
in half and full cells. (12) The G-based electrolytes with different saltnocentrations
were used in inorganic PIBEL24)
Previously, we showed that a similar tetraazapentacene deri@HVAP represents a
promising redoactive material for both lithium and potassium batteries. However, the
practical capacity was relativelgw and the cells rapidly degraded because of the active

material dissolution(120) Herein, we address these challenges by designing the next
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generation tetraazapentacdrased organic redexctive compoun®HTAPQ having an
impressive theoretical specificapacity (Gieo = 852 mAh ¢) and demonstrating a
remarkable performance and cyclability when used as organic electrode matelizd in
SEMwas used to characterize the morphology of the composite electrode comprised of 50
wt. % of OHTAPQ, 40 wt. % of carbon super P, and 10 wt. % of PVDF binder. The
obtained SEM image (Fi§.3) shows that the electrode features multiple nanosized grains
and no bigOHTAPQ patrticles, which is a proper morphology for the battery electrode

ensuring a sufficiet surface area, porosity, and ion penetration depth.

4 e? Rl A
N ‘ .é_"" 4 T e
Fig. 5.3 SEM image of the composite electrode contai@htJ APQ.

To study the electrochemical behavior of @dTAPQ -based electrodes, we fabricated
the halfcells with potassium metal anod€s/ measurements performed at the scan rate
of 100 mV s! revealno evolution within 10 cycles as shown in Pigda. A set of broad
peaks between 1.68 V and 3.13 V (oxidation) &rB-2.5 V (reduction) characterize the
redox behavior dOHTAPQ . Some conjugated polymers such as polyaniline, polypyrrole
and PEDOTPSS exhibit similar broad redox reaction waves due to the presence of
multiple re&tion centers in each molecule3(825,126) Indeed OHTAPQ has 14 redox

centers and, therefore, can behave similarly to conjugated polymers. We also recorded the
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cyclic voltammograms folOHTAPQ electrodes at different voltage sweep rates to
discriminate the contributions of the diffusionr&daic processes and capacitive behavior

to the overall energy storage in our cells. Following a standard approach, we plotted the
logarithm of the peak current as a function of the logarithm of the voltage sweep rate and
the slope of the obtained dependeprovided us with the characteristics parameteid (

5.5). The estimated b value of 0.68 suggested that diffusipa Faradaic processes are
dominating in our devices, whereas tagacitivetype storage also plays an important role
due to high condttive carbon filler loading. However, ti@HTAPQ itself enables energy
storage through the Faradaic redox processes, which justify its application as electrode
material inPIBs To further analyze the redox transition pathwayOHTAPQ, high
resolution O 1s and N Is¢situ X-ray photoelectron spectroscopy (XPS) was conducted
on the pristine, potassiated and depotassiated electrodes. As shown in Figtthedd are
notable shifts of O 1s and N 1s bands to the higher binding enargesthe cells are
discharged (electrode material is reduced) dnd versaupon charging. These findings
confirm that both C=0 and C=N functional groups undergo reductive metallation when the
cell is discharged and hence contribute to th@rK storage n the OHTAPQ -based
electrode. Such findings are consistent with the previous reports on the electrochemical

behavior of LIOTAP and quinones or pyrazines in general. (120)
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Fig. 5.5 Cyclic voltammograms recorded at different voltage sweep rates (a) and the power law dependence of the peak

current on scan rate (b) used for the estimation of the parameter b

Formally, the molecule 0DHTAPQ-O possesses 14 redagtive centers, which could
accommodate up to 12 ions of alkali metal and form a fully reducedGitaIAPQ -R as
shown in (Fig.5.4d). However, the incorporation of bulky"Kons at some point would
cause severe steric hindrances preventing further redox transitions and metallation of the
fully oxidized formOHTAPQ-O.

K-ion storage properties 0DHTAPQ-based electrodes were furthevakiated by
performing galvanostatic chargkscharge cycling after a certain preconditioning stage as
described inthe chapter omethodology and techniquésection 41).

First, we investigated the cells assembled withl KTFSI solution in DOL and DME
mixture (1:1 v/v) as electrolyte cycled at the current density of 0.6 Within the voltage
window of 0.74 V (Fig.5.6a). The specific capacity initially approache289 mAh ¢t at

the first cycles due to some irreversible reactions leading to the solid electrolyte interface

(SEI) formation as can be concluded from low CE. However, the specific discharge
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capacity then rapidly drops down to 114 mAhajter 60 cycles and then gkto increase
back up to 200 mAhY At the last cyclgboth the capacity and CE values become unstable
due to the partially irreversible stripping/plating of the metallic potassium at the anode side,
leading to dendrite growth. Q9)

To address the afementioned issue, we employed a concentrateblaGed electrolyte
(2.2M KPFs). The specific capacity and CE of I TAPQ |[K half-cells assembled with

the G-based electrolyte were stable for >1200 cycles recorded after the initial
preconditioning at 1A g for a number of cycles required to achieve the stable capacity
behavior (Fig5.6b). The specific discharge capacity stays near 190 mAlwbereas the
super P carbon contribution was estimated to be below 20 mMAmder the used test
conditions. The chargdischarge profiles oDHTAPQ-based cells do not show any
plateau, which is typical for organic molecules with multiple redox centers such as
conjugated polymers (Fié.6c¢). (118, 127) The average cell dischargetential stays at

the level of ~1.7 VFig. 5.6d).
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Notably, starting cycling at 0.6 Algwithout preconditioning results in initial activation
accompanied by the specific capacity increase from ~100 to ~200 rhwitdn the first
10001500 cycles and then slow decay of the capacity value after ~3000-clierharge

cycles.A similar behavor was also observed at the higher current density of 1:2(Kig.

5.7).
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The obtained results reveal that the fabricated cells have good cyclability, which suggests
that the used &based electrolyte is optimal for ti@HTAPQ|K cells. We believe that
KPFs-G2 electrolyte formulation promotes the formation of compact SEI at the cathode
and probably also at the anode side, which largely stabilizes the electrochemical
pefformance of the batteries (Fi§.6b). On the contrary, using KTFSI DOL/DME
electrolyte most likely results in the formation of SEI wghunfavorable structure, which

is evident from the rapid capacity decay in these cells. Slow activation OfHRAPQ

upon cycling, which is also observedtire G;-based electrolyteF{g. 5.7), explains the
observed partial capacity restoration at the cycled 8D (Fig.5.7a). Such effects were

repeatedly observed previously and are discussed in the recent. (@Z&w
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Fig. 5.7 The cycling behavior of the potassium {alis withOHTAPQ electrodes at the current densities ol

A gltand 1.2 A ¢ without initial preconditioning

The aforementioned considerations are supported by the SEM images of the electrodes

obtaned from the cells which passed >2000 chatigeharge cycleg=ig. 5.8). It is clearly
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seen that the grains of the mat er,wheleasar e

the original composite structure is fully preserved and matches that of the pristine samples.

No evident morphology changes were revealed for the electrodes aftéetongycling,

which features their excellent stability enabled by a propef@giation.

Fig. 5.8 SEM images of the pristine composite electrode (a) and after >2000-disatgege cycles in a cell using-G

based electrolyte (b).

Interestingly, the cells assembled with the previously repof@ddlTAP material
(OHTAPQ analog without two carbonyl groups) and-lased electrolyte formulation
demonstrated inferior specific capacity (~130 ngh and rapid capacity fading upon

cycling (Fig. 5.9). (120)
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Fig. 5.9 Cycling behavior of the potassium hzgfls assembled witbHTAP (OHTAPQ analog without two

carbonyl groups) electrode material and 2.2 M KiIRFG: as electrolyte

This observation suggests that the stabilization effect of thes-KR[electrolyte also
strongly depends on the composition of the electrode material helate capability of
OHTAPQ |K cellswastested after precondition under different current densities ranging
from 0.6 to 21 Ag! (Fig. 5.10a,b). The capacity dDHTA PQ|K cells approaches 205
mAh g at the lowest current density of 0.6 A gnd stays still reasonably high (>80

mAh g?) at the current rate of 21 Alg
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and chargalischarge curves for every 10 cycles (b).

5.4 High-capacity polymer electrodes for potassium batteries

In the previous section, it is concludétat molecular engineering has a great
impact on Kion storage. Hence, in this section, a series @diitnoyl derivative is chosen
to examine electrochemical performance with the objective of comparing the impact of
quinoxaline (benzopyrazine) and imibends embeded in the polymers.
Six novel quinondased polymer$1-P6 were received from our collaborator. These
polymers aresynthesizedtarting from commercially available triquinoyl hydratedthe
corresponding matic amines upon heating at reflux in acetic acid (&ig§l). Thus,
polymers P1 and P2 were prepared from 3;8iaminop-benzidine and 1,2,45
tetraaminobenzene, respectively. Polyni®8 was obtainedvia the condensation of
triquinoyl with 2,6diaminoanthraquinone. The reaction of triquinoyl with 1, 2, or 3

equivalents op-phenylenediamine led to polymed?4-P6, respectively.
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The electrochemical characteristicsR#-P6 were investigated in the cotgpe CR2032
half-cells with metallic potassium anodefhe cells were first subjected to several
galvanostatic chargdischarge cycles to enable the formation of the solid electrolyte
interfaces and stabilize the electrochemical performance. Afterward, the potentiostatic
measurements were performed. The icysloltammograms (CV) ofK|P1 half-cell
scanned at 1 mV'sare shown in Figs.12a, whereas the CVs for the cells with polymers

P2-P6 are presented iAppendtes (Fig. A.1).

H,N_ NH,

H,N NH,
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N o
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Fig. 5.11Synthesis of polymerB1-P6. The differently substituted triquinoyl fragments in the structure®4e®5 are
represented by circles; the drawn motifs just illustrate the complexity of these statistical copolymer structures and should

not be considered as the exact representatiotie sholecular structures of these materials.
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Cyclic voltammograms for the hadells with the polymer®1 (Fig. 5.12a) andP2 (Fig.
A.1b) demonstrate broad waves between 1.0 and 3.5 V, which are typical for conjugated

polymers with multiple redox unit§53)
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Fig. 5.12 Cyclic voltammograms &fL at 1 mV s' (five cycles shown) (a) and AFRTIR spectra of pristine and

potassiated electrodes (b). Thedf storage and release mechanisnPfbfc).

Indeed, the electrochemical transformation of some diimetional groups (i.ereduction

of C=0 or C=N) gradually decreases the electron affinity of the polymer, which results in
a cathodic shift of the potentials required to accomplish the transitithre neighboring

redox centers.

Thus, the polymers with tens or hundreds of redox centers are expected to show a
comparable number of redox peaks in cyclic voltammograms, which overlap and form a

single very broad wave covering a wide range of poten{iis120Q
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Interestingly, the CV of polymd?3 shows two narrower waves at 4L85 V and 2.2.2

V, which are typical for anthraquinotased materials (Figh.1c). (144) CVs of P3-P6

(Fig. A.1d-f) are very similar, exceptionally broad, and do not show any specific peaks
with except for a sharp feature at ~0.7 V corresponding to the contribution from the
conductive carbon filler. The cyclic voltammetry data indicate that polyP&#R3 are

more attrative as organic battery electrode materials, whelRgaB6 behave more like
pseudocapacitor materials.

Ex-situ X-ray photoelectron spectroscopy (XPS) was used to characterize the composite
electrodes based on the polyr®drin the pristine, charged (4 ¥%5. K'/K) and discharged

(0.7 V vs. K/K) states as shown in Fig.2. The comparison of th€ 1s and K2p parts

of the XPS spectra indicated the formation Skl Unfortunately, the surface SEI layer
masks the transitions that occurred underneath, in the active material, upon charging and
discharging. The SEI formation was also confirme@&BEM: the highresolution image of

the electrode subjected to few hundretithe chargalischarge cycles at 0.5 Alghows

that the grains of the material are homogeneously covered with a skin ¢fiGH.B).

To investigate the mechanism ofiéh storage in the electrodes based on polyPieve

applied the attenuated totedflectance Fourietransform infrared spectroscopy (ATR
FTIR). The measurements were performed for pristine electrodes and the electrodes
metallated with potassium solution in a diglyme/naphthalene systerb. Efy.shows that

the intensity of the peaksorresponding to C=0 and C=N bonds at +4@00 cm'is
notably decreased in the discharged state due to the reduction of the carbonyl groups and

pyrazine rings as known from the preceding repaii91-143) This assignment is
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supported also by treppearance of new peaks at 9EDO cmt, which are characteristic

of the single EN and GO bond vibrations. Notably, the experimentally observed changes
in the FTIR spectra are fully consistent with the theoretically predicted spectral behavior
accordingto the DFT calculations performed fBd and its fully metallated fornP18K
(computed FTIR spectra are compared in Rig). Similar ATRFTIR spectroscopy data
were also obtained for the electrodes based on polyr#aadP4, which confirmed that
reducive metallation of the carbonyl groups and C=N bonds is a general mechanism of
potassium ion storage in the studied materials (ki§). The redox transformations of
polymerP1are schematically illustrated in Fig.12Z, whereas the proposed pathways for
other polymers are shown in F#y.6.

Considering the presented redox pathways, all studied polymers excdi® fave 6
redoxactive fragments (C=0, C=N) per repeating unit and, therefore, could potentially
accept six potassium cations together withstime number of electrons. PolynR3 has

two additional anthraquinone units and, therefore, could potentially undergelacti®n

redox process and store 10 potassium ions per repeating unit.

Thus, all studied polymers have impressive theoretical specific capacity values as shown
in Table5.1below.

However, the steric hindrance and electronic effects might hinder the complete
stoichiometric metallation d?1-P6. We used density functional theory (DFT) calculations

to model the redox processes occurring in polyndr2. It has been shown that both
polymers readily accept two electrons per repeating unit and incorporate two potassium

cations, which is an energelly favorable process resulting in the release of ~1.6 eV of
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energy per introduced ‘on. Further 2electron reactions provide ca. 1.5 times smaller
energy gains (Tablé.1). Interestingly, the introduction of 4 electrons and the same
number of potasem cations per repeating unitB2 results in a substantial planarization
of the polymer backbone. In the caseP& a similar structure is less planar due to the
preferable oubf-plane localization of Kcations (FigA.7). The complete metallation of
P1-P2 (6e and 6K per repeating unit) delivers more than twice less energy per introduced
potassium cation (~0.7 eV) as compared to the first stage of the redox process. However,
the realistic energy gains could be considerably higher due to the intenfaoleffects.
Considering the possibility of Kcoordination by two polymer chains (supramolecular
dimers, FigA.8) gives the estimated energy gain ca. 1.5 eV per introdu¢émhKwhich

is a very decent value for organic batteries. Similar resultsalevebtained for the model
polyimine-type polymerP4* (Fig. A.9), which resembles th&tructures oP4-P6. Thus,

the performed theoretical calculations suggest that all polyRief6 could potentially
undergo a complete mef@ion thus utilizing all redoxenters present in their molecular
frameworks.

The electrochemical performance of the polynir4?6 was evaluated in potassium half
cells using galvanostatic measurements within the identical voltage window-4f\0.7
We rote that preconditioning was performed for several hundreds of etesderge
cycles at 0.5 A g to achieve a stable capacity after SEI formation and initial electrode
activation.

The polymerP1 delivered an impressive specific capacity of 8h g* at the current

density of 0.5 A g. Furthermore, this material showed excellent rate capability since the
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specific capacity retained above 200 mAhayen at the high current densities such as 12
A g (Fig. 5.133,b). We note that the carbon filler cabtition to the discharge capacity

even at the lowest current density of 0.5"Asgays in the range of 25 mAh'g
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Fig. 5.13 Discharge capacities of P1//K heglls (a) and chargeischarge profiles (b) at various current densit

Furthermore, th@1||K half-cells showed good cyclability: there is no capacity fading after
400 cycles (Fig. 34). On the contrary, the specific capacity Bi-based cathodes
increases up to 422 mAR @t the last chargdischarge cycles, which corresponds to ~81%
of the theoretical capacityweo We fabricated also cells with more than twice increased
areal loading oP1 (0.7 mgcm?) and obtained decent characteristics: specific capacities
of ~200 adl ~150 mAh ¢ at the current dedties of 0.5 and 1.0 Ay respectively, in

combination with stable battery operation for at least several hundred cycles. (lBg.
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Fig.5.14 Cycling performance &f1/K half-cells within thepotential window of 0.#4 V (a), the selected

chargedischarge profiles (b), and the average discharge potential plotted as a function of the cycle number (c).

The chargalischarge kinetics foP1||K cells wereinvestigated by measuring cyclic
voltammograns at different voltage sweeping rates (Fig.l%). The obtained
dependenes wereanalyzedollowing the general approaches. In particular, the plot of the
peak current (I) veus the voltage sweeping rate (mYy delivered the b parameter of 0.77
(Fig. 5.1%). (129 The cells withanentirely capacitive stage mechanism show b values

of >1. On the contrary, batteries with the current controlled by the ion diffusion show b
values below 0.5. Thus, we could conclude that the charge storBgebased eletrodes

involves a combination of both these mechanisms. In particular, the diffusion current is
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dominating at low (<10 mV-Y scan rates, whereas the capacitive current contribution

becomes predominant at high scan rates glé.c).
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Fig. 5.15 The CV plots d?1/K half-cells recorded at different voltage scan rates (a), the plot of the peak current ve

voltage scan rate (b) and the relative contributions of the capacitive and diffusion currents at different scan rates (c

The potassium halfells assembled using a more rigid polyrR@rdelivered the specific
capacity of ~257 mAh-gat 0.6 A ¢' and retain 149 mAh-Yat 10 times higher current
density of 6 A ¢ (Fig. A.11). TheP2|K cells initially demonstrate a slighedrease in the
specific capacity upon cycling followed then by a gradual increase up to 274 hefiteg

500 cycles at 0.6 Af(Fig. A.110. Probably, the more rigid chemical structureP@f
hinders the insertion of fons, which results in a lower spic capacity as compared to

P1 Notably, an increase in the areal loading B2 up to 0.7mg cm? provided still
comparable battery performance: the specific capacity was stabilized at ~220"mAh g

when cycling athe current density of ~0.6 AXFig. A.12).
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The polymerP3 obtained by condensation of triquinoyl with Zi@&minoanthraquinone
showed specific discharge capacities of 198 mAhlmd 97 mAh g at the current densities

of 0.42 A g* and 10.6 A g, respectively (FigA.13). No capacity fadingvas observed for
P3|K cells after 50 cycles at 0.4 Algwhereas longer cycling resulted in the degradation,
which is most likely induced by the active material dissolution in the electrolyte. The
maximal obseved discharge capacity of 20@Ah g correponds to 44% of (eo for
polymerP3. We believe that the steric hindrance of this structure is responsittieefor
incomplete utilization of the existing redox centers in the electrochemical transformations
occurring with this electrode materidlhe P4||K half-cells showed very good cyclability
with no capacity fading after 1400 cycles at the current density of 0.55(Rig, A.14).

The maximal specific discharge capacity approached 216 rmAWwljch is 32% of Geo
value forP4.

An increase in the number pfphenylenediimine bridges in the polyniSto the expense

of carbonyl groups enabled good rate capability: the batteries could be discharged within
just 44 s at the current density of 11.5A(§ig. A.15). TheP5|[K half-cdls delivered the
specific capacity values of 216 mAR gnd 142 mAh g at the current densities of 0.38 A

gl and 11.5 A d, respectively. The cathodes based on the poly@eshowed stable
cycling within 150 cycles with the final specific dischargpagity of 246 mAh g at 0.38

A gl Further loading of the structure with thghenylenediimine bridges and complete
elimination of the carbonyl groups in polynfe6 improvedthe cyclability of the batteries

as compared to the cells assembled ®WhliFig. A.16). Indeed there was no capacity fade

after 1000 chargelischarge cycles at 08 g, whereas théinal discharge capacity of
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P6-basedcathodes approached 214 mA"h which is ca. 32% of thes, value for this

material.The electrochemical performance of the polyniEt$6is summarized in Table

5.1. The last column corresponds to the normalized energy density, considering the weight

of carbon and binder.

Table5.1 Overview of the electrochemical performance of polynfi$6.

Polymer

P1
P2
P3
P4
P5
P6

Theoretical Current Cycle The initial The final Average
specific density number capacity capacity discharge
capacity (Ag?h (mAhg!')  (mAhg? potentials

(mAh g?) )
518 0.5 400 388 422 1.65
686 0.6 500 254 274 1.84
468 0.4 50 190 207 1.56
669 0.55 1400 208 216 1.8
515 0.38 150 243 246 17
418 0.3 1000 204 214 1.77

Energy
density
(Wh kg")

696
504
322
392
418
379

Normalized
energy
density

(Wh kg?)

348
252
161
196
209
189.5

The presented data show that there is a good correlation between the specific capacities

obtained for the electrode materials and their specific surface area (BET) and values.

Indeed, the highest specific surface areas were obtainédl fimllowed by P2 and then

P5 (Table5.2). The specific capacities observed for these materials descend in the same

order.

Table 52 Surface area properties B1-P6

Polymers P1 P2 P3 P4 PS5 P6
SSAY 213 272 487 379 116 6.98
m2 g-l

Volume of pore§ 0.084 0.14 0.013 0.019 0.082 0.017

f rhg?

1SSAI specific surface area

2 Calculated at P#20.99
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We could also conclude that the construction of polymer chains via the formation of imine
(exocyclic C=N) bonds like in the caseR3-P6is not the most promising approach since

the resulting materials demonstrate modest practical capacities amountidg%oof the
theoretically feasible values. The reasons for such behavior are not completely clear, while
they could be related to thegrcelectronic and/or ionic conductivity of the polymers with
imine fragments in the molecular framework. tBe contrary, the reactions leading to the
formation of pyrazine rings seem to be highly promising in the context of designing

advanced redoeactiveorganic materials.

5.5 High-capacity potassiumion batteries using new rigid backbone quinondased

polymer electrode materials

Accordingto the conclusiorachievedrom the previousectionthe incorporation
of polymers with the rigid backbone can supptésslissolution of active materials in the
electrolyte. The main objective of this section t® comparethe impact ofthe
implementation ofthiopyran dioxin, and pyrazine ringgshown in Fig 5.16with the
synthesis process) therigid polymeric molecular structure in order to reduce the amount

of carbon nanofiller in the composite electrode.
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Fig. 5.16 Introduction and synthesis process of polyR&mRB9.

SEM was usetb investigate the morphology of the fine powderB6#9. As an example,

Fig. 5.17ashows the image of the pristiR&, which exhibits uniform rounghaped grains

with an average size of +in. These particles are mechanically not very strong and could
be easily ground or bathilled to nanosized flakes as shown in AgL7. TheP9 powder
showed a very similar morphology to thatR¥ (Fig. 5.179, wheread?8 demonstrated a
highly porous gainless structure (Figh.17). Such norphology can be consideredry
favorablefor the battery electrode since it should proadegh surface area and facilitate

ion transport. Indeed, the BET surface areas determined using the nitrogen adsorption
method for powders oP7, P8 andP9were ~26, 236 and 1729, respectively. Thus, the
polymerP8 clearly outperform#7 andP9in terms of porosity and specific surface area,

which suggests that this material could deliver superior electrochemical peréeman
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Fig. 5.17 SEM images of the pristine powders of polymerga), P8 (b) andP9 (c).

CV measurements were performed for feafis with P7-P9 usedas cathode components

and metal potassium anodes. It should be nibigdall cells showed initial activation and
therefore were preconditioned by galvanostatic cycling at the current density-80350

mA g! for a number of cycles required to reach a stable capacity. The cyclic
voltammogram oP7|K cells (Fig. 5.18a) stowed a broad wave in the potential range of
1.0-3.5 V, which is characteristiof polymeric materials with multiple redox centers,
electronically influencing each oth€L30) In other words, the reduction of a quinone unit

in P7 decreases the reduction potential of the neighbouring units since the energy gain
becomes smaller due to the repulsive coulombic interactions of the negative charges.
Furthermore, the polydispersity of the polymeric materials also contributes to the
broacening of the redox peaks on cyclic voltammograms.

The cyclic voltammogram oP8||K cells showed a similar broad wave at A2 V,
whereas the highioltage part of the voltammogram was much less pronouncedXHEi).

a). PolymerP9 showed a similar welpronounced redox wave appearing within the 0.5

2.5 V range (FigA.18b). The fact thaP7 shows much higher electrochemical activity at
high potentials (28.0 V vs. K/K) as compared tB8 andP9 is most probably associated

with the presence @fsulfide unit within the thiopyran rings, which is capable of oxidation
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at high potentials as known for other organic sulfid@81) However, organic sulfide

redox transitions are known to suffer from poor reversibilitythsmperation ofP7 asan

organic cathode can hardly provide the desired cell durability.

To investigate the Kon storage mechanism in polymd?3-P9, we performedn-situ
spectroelectrochemical measurements. However, all studied polymers showed no Raman
signals in the pristine and reduced states, which did not allow us to obtain any reliable
information. The electron spin resonance (ESR) spectroscopy revealed the agpefranc
the same set of signals upon electrochemical reduction of the composite electrodes
incorporatingP7-P9 (Fig. A.19). Thus, the obtained ESR spectra cannot be assigned to the
redox dynamics of the polymeR7/-P9 having rather different chemical struasrand

most probably are related to some products of the electrochemical decomposition of the
electrolyte. It was reported previously that the electrochemical oxidation ef 1,2
dimethoxyethane (DME) produces methyl vinyl ether, which ceielid the correspnding
CH.=C-OCHs radical. (132 However, the hyperfine splitting constants (HFCs) for this
radical do not match well the experimentally observed ESR spectrum. On the contrary, the
computed and previously reported experimental HFCs for ettgthte anion radical are

in perfect agreement with the obtained experimental data (AabJeThe pathway leading

to the formation of ethyl acetate in the system remains unknown, and we could only
speculate that it involves rearrangement and deprotonaitibe DME radical cation. Still,

the ethyl acetate and its radical anion likely represent important intermediates leading to

the formation of SEI, stabilizing the electro@&33

97



o))
(o)

4420 mv s 5 107
< 27 2_ 0.8
= o
o 04 c 0.6
= g
L 2 = 041
5 &
O 4 £ 0.2
o
6 = o0 Lo v L
10 20 30 40 2000 1600 1200 800
Potential vs. K*'/K, V Wavenumber, cm™
C
o ®
0 Discharge O K
+2n K, +2ne
-2nK*, -2ne

Charge
@] n g X K@

Fig. 5.18Cyclic voltammogram oP7 at 20 mV s' scan rate after galvartasic preconditioning at 360 mg* (a).
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based electrodes (c).

The most straightforward approach to study the spectral changes induced by chemical
metallation of the corresponding polymers using potassium naphthalide was based on the
application of ATR FTIR spectroscopy as described previo(dd) In particular, thd?7
demonstrated a severe quenching of the bands atI@Dcm' due to the reduction of
carbonyl groups. Furthermore, the decrease in the intensity of the peaks-a8505m

! was observed due to the conversion of the cyclohexadiwiety to the aromatic ring

(Fig. 5.18b). A new characteristic band emerged at ~1110¢ duwe to the potassium
phenolate (80°'K*) C-O bond vibrations. Importantly, the experimentally observed FTIR

spectral changes f&t7 upon the reductive potassiatiorea@ompletely consistent with the
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theoretical predictions as shown in FAg20. Similar FTIR spectral dynamics was also
observed foP8 andP9 upon the potassiation (Figs.21 andA.22).

These results evidence that C=0 groups of all polyeR9 andprobably also pyrazine
units in the case d®9 are responsible for the electrochemical activity of these materials.
These functions become reduced and accé€pioKs upon discharge of the batteries,
whereas the reverse process occurs upon device charpegrroposed electrochemical
pathways are shown in Fi§.18c for P7 and Fig.A.23 for P8 andP9.

Each quinone unit in polymem®7-P9 could accept two Kions and thus undergo a
reduction with the formation of the corresponding potassium hydroquin¢l2@, 135,
136) Such redox transformations &f7 and P8 account for the theoretical specific
capacities of these materials as high as 357 and 394 mAfughermore, each pyrazine
ring in P9 could undergo 2lectron reduction and accept another twagsitim ionghus
boosting the theoretical capacity characteristics of the electrodes badsed um to
818mAh gt. (120,135,136

However, practical capacity could be considerably lower than the theoretical value due to
many reasons. Steric hindrancdeefs induced by relatively large*Kons should be
specifically considered in the case of electrode materials used in potassium batkdries.
computational modéng confirmed that polymer®7-P9 could easily undergo redox
transformations coupled with the insertion of twd Kns per repeating unit. The
potassiation oP7 and P8 results in the folding of the main chains of these ladyges
polymers (FigA.24a-b). The potassium ions in these stures form coordination bonds

with the phenolate oxygen atoms as well as ett@@4) @nd thioether-G-) bridges in the
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case ofP8 andP7, respectively. Strong coordination bonding dfwith the oxygen and
nitrogen atoms P9 most likely keeps this steture planar (FigA.24c). The coordination
shells of K ions can be saturated by bonding to at least two polymer molecules as
illustrated by the computed structure of the supramolecular dif&2]JP shown in Fig.

A.25. It should be noticed that all three polymers demonstrated comparable specific energy
values of 2.€2.8 eV per inserted potassium ion (TaRl8), which typically become ~1.0

eV higher in the soligtate due to the supramolecular bonding effects. It dimihoticed

that steric hindrance and coulombic repulsion effects seem to prevent a complete reduction
and metalation oP9 with theinsertion of 4 potassium ions per repeating unit. There is no
energy gain in the transition of§R2] to [P9K4] as can baeen from the data presented in
TableA.3: the total accumulated energy per repeating unit in the latter is 4.32 eV (ca. 1.08
eV per K ion), which is slightly less than 4.40 eV obtained for the former (2.20 eVper K
ion). Somewhat different energy gaiiuld be obtained for @K4] in the solidstate due

to the multiple coordination bonding of kons (Fig.A.24b). Still, the formation of [BK4]

upon potassiation d?9 seems to be unlikely, though the practically achievable specific
capacity for this material remains quite high assuming the formation of [P3K2] and could
approach 409 mAhf

The electrochemical characteristics of the redotive polymer$7-P9 were investigated

by galvanostatic charggischarge cycling of hakfells using the composite polymieased
cathodes, potassium metal anodes and 2.2 MsKPE: as electrolyte. Th&7|K half-

cells were investigateat different current densities within the potential window of 3.

V. The cells demonstrated the specific capasityeeding 200 mAhfrecalculated fothe
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P7 active mass, decent rate capability and good cyclability: just a minor capacity decrease
was observed after 700 chardischarge cycles at 0.7 A'dFig. 5.19a-c). The average
discharge potential of the cells was ca. 0.56 V (Rig@6a), which suggests th&7 could

be considered as a promising anode material fammkbatteries.

Replacingthe thiopyrane unit inP7 with a 1,4-dioxane fragment irP8 apparently is
beneficial for the electrochemical performance of the material. A8jK half-cells
delivered the reversible discharge capacities of2GB mAhg?! at the current densities
ranging from 10 A ¢! to 0.66A ¢!, thus illustrating the good rate capability of the
polymeric electrodes (Figh.19d,e). Furthermore, th@8||K half cells showed a clear
activation behavior with the specific capaatadually increasing to 268 mAh' ¢66% of

Cineg after 500 chargedischarge cycles (Fich.19f). The average discharge potential of
potassium haitells with P8-basedelectrodes was ~1.1V (Fig. A.26€c), which is also

more characteristiof anode behavior.

The polymerP9 with pyrazine units showed poor adhesion to Al foil (both with carbon
coating and without it), so copper foil was used as a current collector. The fabiFi®gited

half cells exhibited a decent rate performance by delivering specific capacities ranging
from 143 mAh ¢ to 60 mAh ¢ at the current densities of 638A g (Fig. 519g,h). No
capacity fading was observed for the cells Wighbased electrodes even after 1400 charge
discharge cycles (Fig. 5.19) at 0.8 A, gvhich manifests decent electrochieah stability

of the material. PolymdP9 can also be considered as an anode material since the average
discharge potential dP9||K cells was 1.26 Fig. A.2&). It is worth noting that the

contribution ofthesuper P carbon filler to the capacitytbé cells was below 70 mAh'g
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(potential window 0.42.5 V) or 30 mAh g (potential window 0.5.0 V) as shown in Fig.

A.27.
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Fig. 5.19 Rate capability (top row), charge-discharge profiles (middle row) and the evolution of the cell
discharge capacity upon cycling (bottom row) for the potassium half-cells assembled with the composite

electrodes comprising polymers P7 (a-c), P8 (d-f), or P9 (g-1) as redox-active materials.

We emphasize that polymd?g-P9 have quite rigid laddetype structures, which suppress
undesirable conformational dynamics typically exhibited in redox reactions by
conventional polymers with flexible backbones leading to fast electrode degradation and

battery failure(137,138
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Polymers P7-P9 are also expected to show just a minor volume change upon metal
insertion and demetallation, which could also explain the observed good operational
stability of the electrodes during continuous chadggeharge cycling. Furthermore, rigid
and gastconjugated molecular structureski-P9 are beneficial for electronic transport.
(139,140).

Indeed, we could increase the loading of the active matriap to 70 wt. % (2Qvt. %

of carbon filler and 1@t. % of the binder), which is one of the highest values ever reported
for organic electrode materials. The fabricated-halfs showed a very decent specific
capacity of ~160 mAh ¢ which increased to 203 mAhtafter 100 chargeéischarge
cycles at 0.36 Ay*. (Fig. 5.2@,b)

An increase in the content of the active material and cycling within the optimal potential

window (0.74 V) provided the higher average discharge potential of 1.78 VER®).
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Fig. 5.20rhe evolution of the specific capacity of the composite electrode comprised of 70 W% of
upon battery cycling (a) and chargescharge profiles of thB7|K half-cells within the potential range o
0.7¢4 V (b).
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Thus, by changing the content of théiae component in the composite and adjusting the
operational conditions, one could tailor the electrode potential to specific values depending
on the target application. This is one of the potential benefits, which could be exploited
using organic electde materials showing plateauless chatigeharge behavioEurther
increase in the active material loading in the composite electrodes faces the problem with
conductive carbon filler percolation, which is essentially required for efficient charge
transport. However, thissue could be mitigated by using alteiveforms of carbon with

lower percolation threshold such as multiwall carbon nanotubes (MWCNTSs), which
continuously become less and less expensive. The potassium cells were fabricated with the
electrodes comprised of 85.Wb of redoxactive polymer®7i P9, 10 wt % of MWCNTSs

and 5wt. % of PVdF binder. In the case BYi P8, the specific capacity approached 300
mAh g? after 50 charge/discharge cycldsg, 5.21), whereas the coulobic efficiency

was low (7595%), which suggests a significant contributifsom irreversible processes
probably occurring at the MWCNT/active material interface.

On the contrary, the cells assembled using polyPBatelivered a modest capacity of-55

80 mAh g!, while thecoulombicefficiency was stable at ~100%. order to solve issues
corresponding to the inferiocoulombic efficiency, particularly the initialcoulombic
efficiency (ICE), we increased the current density from 30 mAogrO mA g'for P7 and

P8 (Fig. 5.2). Surprisingly, P76 4CE improved significantly (83%). Unfortunately,

becausef thehigher surface area 88 which is 236 Mg causes more possibility of SEI
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Fig. 5.21 The evolution of the cell discharge capacity upon cycling (left column) and etisngearge profiles (right
column) for the potassium hatklls assembled with the composite electrodes comprising 85 wt. % of polymess

b), P8 (c-d), or P9 (ef) as readx-active materials10 wt. % of MWCNTs and 5% of PVdF binder. The charge

formation. Hence, the ICE #8is as low as 51.8%. These results suggest that though the

fabrication of organic batteries with high mass loading of the active materials (up to 85%)
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is possible, further optimization of the electrode composition and interfacial chemistry is

still required.

The electrochemical characteristics of polymeisP9 are summarized in Table3blt

should be noted that the bgmrforming polymerP8 demonstrated the highest specific

surface area as discussed abdve wlymer P7 undergoes some folding and unfaidi

upon metalation/demetallation, which facilitates ion transport and makes a considerable

fraction of the material available for redox reactions. The pol@8ehowever, has a very

rigid, compact planar structure in both pristine and metallated stdted) would be the

reason for the relatively low practical

on this material.

Q

specific capacity obtained for the electrodes based
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Fig. 5.2 The evolution of the cell discharge capacity upon cycling (left column) and etisxd®arge profiles (right colunr

for the potassium hatfells assembled with the composite electrodes comprising 85 wt. % of poRvEd) or P8 (c-d)

as redoxactive naterials, 10 wt. % of MWCNTSs and 5% of PVdF binder. The chadigcharge cycling was performr

at the current density 0 mA gt.
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Table 53 Basic electrochemical performance parameters for potassiurodiislfissembled usirRj/-P9 electrode

materials
Polymer Polymer Potential  Current  Number of  Theoretical Initial Final Average
content in window density charge- specific discharge discharge  discharge
the V) (Agh discharge capacity capacity capacity potential
composite cycles (mAh gh* (mAh g?) (mAh g?) V)
(%)
pP7 50 0.1-:25 0.70 700 357 276 180 0.56
pP7 70 0.7-4.0 0.36 100 357 157 203 1.78
pP7 85 0.54.0 0.03 50 357 193 294 1.50
P8 50 0.54.0 0.66 500 394 222 268 1.17
P8 85 0.54.0 0.03 60 394 127 327 1.25
P9 50 0.535 0.80 1400 409 116 118 1.29
P9 85 0.54.0 0.03 50 409 62 50 1.29

* - calculated per-2lectron redox transition of each polymer repeating unit

5.6 Concluding remarks

The ability of OHTAP to store potassium ions was explored usii@KTAP half-
cells, which demonstrated impressive reversible capacities of up to ~220 ahigh
corresponds to ~50% of the theoretical capacity of this material. Nevertheless, the achieved
practical capacity stays among the record values reported for potassium cathodes based on
both organic and inorganic materials. The obtained results e@addrat OHTAP
represents a promising organic cathode matersgdable of efficient storage df.
However, this material has certain limitations, which hamper its practical Quge.
observations strongly supported the conclusion@aTAP is at least spamngly soluble
in electrolytes used in potassium batteries. This dissolution is believed to be the main
reason for rapid capacity fading in both types of cells under clibsgkarge cycling. To
overcome this problem, one might consider an application gfepsoselected polymer

electrolytes, which would not be able to solubil@BITAP. Alternatively, OHTAP can
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be further functionalized, e,gpolymerized, to reduce dramatically its solubility in any of
organic (electrolyte) solvent3he dher issue is retad to the apparently low ionic and
electronic conductivity oOHTAP in pristine.Therational design of ne®@HTAP -based
molecules with improved molecular architectures and intrinsic propertiesommended

for further developmenHence, a novel highlpromising organic redeactive material
OHTAPQ is synthesized from inexpensive commosdigge precursor compounds. The
potassium haitells with OHTAPQ electrodes demonstrated high specific capacities
going beyond 200 mAhat 0.6 A ¢, stable operatiofor >1200 chargelischarge cycles

and impressive rate capability. Using the concentrated 2.2 M iKF3; as electrolyte was

the key approach to suppress the capacity fading and prevent active material dissolution.
The specific power 0£41000 W kg' demonstrated foOHTAPQ -based electrodes in
combination with the high capacity and excellent cyclability feature the potential for using
this material in ultrafast hybriti/pe devices for various higbower applications. Finally,

the low discharge poteatiof theOHTAPQ -based electrodes suggests that they might be
very attractive and safe anodes for full potassiomcells using higtvoltage cathoded.o

more investigate polymers, the electrochemical performance of a series of six novel redox
active polyners derived from triquinoyl as the key building block is explored. Evaluation
of the electrochemical performanceRif-P6 in half-cells with potassium anodes showed
that all these materials are capable of delivering reasonably high specific capaeizie8 of
mAh g! and demonstrate excellent rate capabilities. Among the studied polyRiers,
demonstrated the highest discharge capacity of 422 ritAimd the reca energy density

of 696 Wh kg at the current density of 0.5 AlgThe relatively low averagdischarge
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potential ofP1 (1.65 V) suggests that this material might be considered as a promising
anode component for advanceddf batteries using higholtage cathodes. Alternatively,
there is substantial room for increasing the discharge potentibkad the energy density

of P1 cathodes via directed chemical functionalization of its backbonebg.mtroducing
electrondeficient functional groups.

We have introduced three benzoquindrased laddetype redoxactive polymers. The
availability of these materials in bulk quantities positively distinguishes them from many
other previously reported organic electrode materials, which were prepared using
sophisticated mukstep chemical synthesis.

All three polymers showed competitive electrochempeiformances in potassium half
cells with specific discharge capacities ranging from 110 to almost 270 nmAh g
combination with good operational stability: no capacity fading was observed for hundreds
or even more than a thousand of chailggeharge cycles. The observed superior stability

is ensured by the rigid laddgmpe structures of polymerB7-P9, which sippress
unfavorableconformational dynamics leading to the fast degradation of the electrodes
based on conventional polymers with flexible backbones.

The cells based on polymd?8 demonstrated high capacity and decent rate capability,
which places this marial among the begterforming electrode materials for higlower
potassium batteries reported to date. Furthermore, the conjugated ocayagated
backbones of polymerdP7-P9 facilitate electronic transport in these materials.

Consequently, we couldcrease the content of the active polymeric material up tet70
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% as well as 85wt. %and minimize the loading of the carbon filler and PVDF binder
without any significant deterioration in the electrochemical performance of the cells.

Thus, the obtainedesults feature polymerB7-P9 as promising anode materials for
inexpensive and scalable organigdf batteries. In particular, there is an urgent need for
high-capacity stationary energy storage systems connected to the electric grids to smooth
down diunal and seasonal mismatches in energy production and demand, becoming more

and more severe with continuously increased contribution from renewable energies.
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Chapter 6

6. Concluding remarks

6.1 Introduction

This dissertation focuses on the electrochemical characterization of orgoxc
active materials for energy storage. The main focus of the investigation is on organic
materials, specifically the usage o&rbonyicontaining materials in energy storage
devices. Howevercarbonytbased materials possess improper electrical conductivity and
dissolution of active materials imvestigated electrolytes, which presents adverse
challengs. For example, inChapter5, the results of characterizing-ikn storage of
tetraazapentacersmsed (OHTAP) demonstrated rapid capacity fade inhKif-cells
despite presenting a high amount of discharge capacity in the initial cycles.
recommended to modify molecular architecture to improve intrinsic propertesckle
this issue, we explored a structurally identical mongmetahydoxytetraazapentacene
(OHTAPQ), with two additional carbonyl functional groups. It is concluded that both
modificatiors on the molecule structure and implementation of super coatedt
electrolyte (2.2 M KPFin G) have a great impact on battery performance while cycling
performance improved from 50 cyclesdbleast2700 cyclesand suppressing capacity

fading of halfcellswith power densityf ~ 41000 W kd.
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The main confirmatiorof the influence of consumption dlie Go-based electrolyte is
evident when it stabilizeithecycling performance of a series of polymers from triquionoyl
derived polymers not only mitigating capacity fading but also achieeogrdbreaking
results in terms of gravimetric discharge capacity and energy dehsigdd more, the
impact oftheinclusion of pyraine rings and exocyclic bondsims/estigatedl concluded
that the polymers containing exocyclic bortisnot presenhigh discharge capacityot
recommended for the battery applicatibty collaborator developed new anode materials
with rigid backbones that do not dissolve in electrolytes. Therefore, | followed my final
objective to boost composition and active miassling ~1 mg cm®. | realized that
molecular structurescontaining thiopyrane and Zdloxane fragments present better
electrochemical performance in contrast to the pyrazine ring. More importémly,
consumption of MWCNT can assist in increasing the contipasef the electrode from 50
wt. % of active material to 85 Wb. The thiopyranecontainingpolymer showed a higher

conductivityand ICEin comparison to pyrazine and dioxXdased compounds

6.2 Composition and energy density optimization

The summaryf obtained results for organiased electrode materigpresented
in Table(6.1). The results show that all materials, exd®ptTAP (due to issues in the
molecular structure and dissolution of active materials inltkestigatedelectrolyte)

demongtated stable cycling performance.
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P1 has the highest amount of energy density. This is due to the optimized gravimetric
discharge capacity, which suggests that this material could be a promising candidate for
high-performance energy storage devices.

The dtimate observatiorfrom the data is the optimization of composition frahe
reductionof carbon nanofillefjust from 40 wt. % of carbon super Ro 10 wt. % of
MWCNT. This indicates thahe consumptiof conductiveadditiveshasgreat potential

in demonstrating the real application of polymers while they have improper TAP density
because of composing of the light elemefitee comparison of incorporating 70.Wb of

P7-9 while using 20 wit% of carbon super €onfirmsthatthiopyranc-containing presents
superior conductivity despitiie large surface area tiie dioxin-containing polymeP8

which is 236 nf g!. Accordingto this the dioxin ring hasa capacitive contribution.
However, botiP7 andP8 are showing acceptable performance with the usage of. 26 wt

of MWCNT.

6.3 Battery specification comparisonwith the benchmark

To compare the obtained results with the benchmark, | categorize materials based
on average discharge potential. HenB4;P6 and OHTAPQ might be considered
cathodesFig (6.1) shows thaP1deliversthe highescapacity reported so far whiR8 has

comparable performancegntrasting with other statef-art anodematerials
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Table6.1 Summary of the obtained results

Materials  Contribution in composition Theoretical capacity Currentdensity ~ Potential Cycle number The initial The final capacity Average discharge Energy density
(wt%) (mAh g% (Agh range capacity (mAh gb) potential (Wh kg?)
) (mAh g%) )

P1 50 518 0.5 0.7-4 400 388 422 1.65 696
P2 50 686 0.6 0.7-4 500 254 274 1.84 504
P3 50 669 0.55 0.7-4 1400 208 218 1.8 392
P4 50 515 0.3 0.7-4 1000 204 214 1.77 379
P5 50 418 0.38 0.7-4 150 243 246 1.7 418
P6 50 468 0.4 0.7-4 50 190 207 1.56 322
P7 50 357 0.72 0.1-2.5 700 276 180 0.6 108
P7 70 357 0.36 0.7-4 100 157 203 1.78 361
P7 85 357 0.03 0.7-4 50 127 294 1.78 523
P8 50 394 0.66 0.54 500 222 268 1.17 313
P8 70 394 0.3 0.54 100 61 75 1.3 97.5
P8 85 394 0.030 0.54 60 128 327 117 382
P9 50 409 0.8 0.535 1400 116 118 1.29 152
P9 85 409 0.03 0.54 50 76 50 1.29 98

OHTAPQ 50 730 0.6 0.7-4 1200 174 190 1.7 323

OHTAP 50 440 0.44 1.1-2.8 50 332 162.6 1.6 530.7
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shownin publications (Fig6.1b). P1 has less energy and power density versifPpZ

because this kind & p-type polymer has a higher average discharge potential (~ 3.6 V)

while P1 possesss anaverage discharge potential of 1.65 V. (Bifjc) Theultimate and

significant conclusion emergas the amount dhe conductive matrix is reduced from 40

wt. % to 10 wt %. As presented in Fif.2, P7-9 contain the highest amount of active mass

among all reportedrganic materialsplacingP7-P8 where compsite electrodes contain

less conductive carbon delivering high discharge capacity
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Fig. 6.2 Active mass content comparison of the investigated materials withoattemy+

containingorganic materialg153)

6.4 Capacity retention comparison withbenchmark

50 60 70 80 90

To the best of our knowledge, the explored materials have the highest capacity

retention after several hundred cycles, placing the cycling performance of our materials

close to recordbreakingreported result, e.g, HAT has cyclability with ignorable capacity
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fading for 4800 cyclefFig. 6.3). In additionthe contrast with other materials revealed the
superiority ofP1-9 andOHTAPQ with intercalation and allopased anode materials. The
reason for thecyclablity and capacity retention might relate to the morphology of the

composite electrode3ypically, the morphology of acompositeelectrode is expressed in

terms of porosity and tortuosity.
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D P1-P9 OHTAPQ
S n
— PTCDA-KC % This work
c 901 H Carbonyl
9 ® HAT
v G
e HC
> o
*5 80
c @ P -TipO(POy)2@C
o v
PPTS
O * n
O OHTAP
70 T T T
0 5000 10000

Number of cycles

Fig. 6.3 Capacity retention comparison of polyanion and orgadiux active

materials with the bestported materials so far.5777, 154157).

Large porosity and small tortuosity are beneficial for the electrode to have good ion
transfer characteristics, whereas closely packed electrode with low porositycenhan
electron transfer. To find more pertain details corresponding to the rate capability and
cyclability, two conclusions are extracted based on morphology of composite electrodes:
1. Porosity and presence of macrospores ensure extraordinary rate capavibtyample,

P1andOHTAPQ (Fig. 6.4).
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2. Compactness ensures long cycling performance. For example, electrde2&8&and
OHTAPQ are more compacFig. 6.5 af). UnfortunatelyP3 andP5 aredissolving inthe
electrolyte in spite otheir compactness and porosityherefore, they have inferior

cyclability.

Fig. 6.4 Morphology of composite electrodes contaifiiga) andOHTAPQ (b)

Finally, electrodes made of small active partickgth a larger pore sizehave higher
electrical conductivityandbetter discharging performance under the higlat€ conditios
compared with the electrode with large particdesl smaller pore sigeThe porosity of
electrodes plagsan important role allowing a good contact between the particles and the
electrolyteas well as providing largeavailablesurface area for the electrochemical
reactionsAt the same time, compacting the electrode structure also increases its adhesion

to thecurrent collector foil, and decreases the resistivity
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Fig. 6.5. SEM image of the composite electrodes contaih@), P3 (b), P4 (c), P6 (d), P7 (e) andP8 (f).

6.5 Recommendatiors for the prospective research

To present the real application of polymers as cathodes, it is highly recommended
to introduce electromvithdrawing moieties into their structu¢ig. 6.6) Unfortunately,
the organic materials presented in this study have insufficient average redox potentials that
are too low to be considered cathodes.
Additionally, the practical application of-Kee organic molecules, even with an average
reduction potetial of approximately 3 V, is questionable. Therefore, efforts should be
focusedeither on synthesizing organic potassium salts or ormgtalation of organic

materials
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Fig. 6.6 Proposed electron withdrawing groups (shimaned) to be introduced itné molecular structur¢l35)

Although the inclusion of MWCNT irthe composite electrode preparation has a great
impact on composition optimizatio®T-P9), the cyclability of these polymers must be
further improvedby designing a novel electrolyte formulatiofhus, it necessitates
determining precisely the LUMO and HOMO efectrolytesand the novel electrode
materials. Furthermore, following the implementation of the aforementioned
recommendations, it is necessary to explore the possibility of assenaliipglymer
batteries(Fig.6.7a). In addition,an n-type polymer might be paired withhigh voltage
cathode materiafeither organic or inorganidh the full configurationheterestructure
batteries. Nevertheless, maximum care should be used to elpptyolytescompatible

with bothelectrodamaterials (Figs.7b).
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Fig. 6.7Possible scenarios to assemble full potassium batteries. All organic (a);statetore (b)
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Appendices A

A.1 Materials and instrumentation

Chemicals and solvents were purchased from Sigldach and used as received.
A CHNS/O elemental analyzer «Vario Micro cube» Elementar Gwale used to do
Chemical analysisFTIR spectra were recorded with PerkinElmer Spectrum BX 100
instrument.The Bruker AVANCE Il spectrometer operating at 400 MHz for 1H and 101
MHz for 13C was usd to conduct soligtate NMR experiments. A 3.2 mm MAS probe
was utilized at room temperature. The chemical shifts were measured relative to TMS at 0
ppm. To acquire the 13C NMR spectra, conventional gpotarization (CP) experiments

were employed witta spinning rate of 246 kHz and 1H SPINAi64 decoupling. The

duration of the 1H "~/ 2 pulse was 2.5 g€s, and
A.2 Synthesis ofOHTAP

The solution of 1.67 g (8 mmol) dfin the form of dihydrate in 45 mL of 10% aqueous

acetic acid was warmed upto-80 4. Af t erwards, the solution

1,2,4,5 tetraaminobenzene dihydrochloride in 10 mL of 10% aqueous acetic acid was
added dropwise. The resulting mix@uvas stirred at the temperature of8ua wi t hi n 6

h. Cooling the reaction mixture resulted in the formation of a solid precipitate, which was
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collected by filtration and washed with water (until washing liquids became colorless),
methanol and acetond&he resulting solid was dried in a vacuum desiccator with
phosphorous pentaoxide. The tar@etTAP was obtained in the form of tetrahydrate with
the yield of 1.51 g (~91%). No melting was detectedIbiTAP up to the temperature of
3206 . FTI1 R 8 pneh)c3I544u3606,(3316, 3261, 3123, 1629, 1567, 1356, 1299,
1268, 1152, 1035, 879, 850, 741, 715.

C18H10N4Og*(H20)4, %: C 44.82, H 3.76, N 11.62; found, %: C 44.40, H 3.62, N 11.89.

A.3 Synthesis of OHTAPQ

The mixture of Nmethylpyrrolidone (40 ml) and sulfuric acid (1 ml) was heated up to 180
€ and then 1.5 g (8.9 mmol) of 2,3 Se8raaminel,4-benzoquinone and 3.07 g (17.8
mmol) of tetrahydroxyl,4 benzoquinone dihydrate were successively addéte
combination was agitated at the identical temperature for a duration of 5 hours. Following
the cooling process, the mixture was thinned out with an equal amount of water (60 ml).
The solid substance was separated by filtration, then rinsed with water entibginings

were colarless (150 ml) and acetone (20 ml). Finaityvas left to dry in the aiThen the
precipitate was vigorously suspended in hot acetor'\'esoﬁfﬁ) and collected by filtration,

this procedure was repeated 3 times. Finally, the pratepivas dried in a vacuum over
P-Os to produce 1.77 g of the target compoWid TAPQ. The isolated yield was 45%.
Elemental analysis calcd. fordEisN4O1o (% w/w): Ci 49.10, Hi 1.83, Ni 12.73, found

(% w/w): Ci 49.23, Hi 1.78, Ni 12.68. FTIR spectrurfcm?): 630 w, 669 w, 742 w, 814
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w, 867 w, 928 m, 1001 s, 1094 s, 1169 s, 1222 s, 1299 vs, 1336 vs, 1459 s, 1505 s, 1565 s,

1635 s 13C SS MAS NMR (ppm): 173.0, 168.9, 150.0, 135.2, 134.6, 132.6, 123.7.

A.4 Synthesis of polymers P46

A.4. 1. Synthesis oP1

3,3*Diaminobenzidine (1.29, 6 mmol) was added to a suspension of 1.98 g (6 mmol) of
triquinoyl hydrate in 100 ml of glacial AcOH stirred at 60 °C. The mixture was further
stirred for 1 h at 60 °C and then another 5 h afi 108 °C. After cooling, a town
precipitate was filtered off, washed on a filter successively with 30 ml afalceAcOH,

30 ml of 10% aqueous AcOH, 50 ml of water and 30 ml of methanol. The remaining
powder was dried at room temperature in vacuum ox®¢. ' he crude product (2.0§)

was further stirred with 50 ml of DMF at 885 °C for 4 hours, filtered and successively
washed on the filter with 150 ml (5 x 30 ml) of hot DMF, 150 ml (5 x 30 ml) of methanol
and 150 ml (5 x 30 ml) of acetone. After drying at room temperature iclwuraover
phosphorous anhydride, the compouRid(1.89 g) was annealed in a vacuum at 180 °C
for 4 h to remove the hydrated water. The target comp&lngas obtained with a yield

of 1.67 g (~90% of the theoretical yield). FTIR spectrunc(rt): 3392, 1710, 1616, 1492,
1361, 1195, 1086, 1061, 890, 832, 789. Elemental analysis: calculatedHesNGOs, %:

C 59.34, H 3.32, N 15.38, O 21.96; found, %: C 60.43, H 3.72, N 15.80.
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A.4.2 Synthesis of polymer P2

1,2,4,5Tetraaminobenzene tetrahydrochloride (0.92 g, 3.24 mmol) was added to a
suspension of 1.07 g (3.24 mmol) of triquinoyl hydrate in 50 ml of glacial AcOH stirred at
50 °C. The mixture was stirred at the same temperature for 1 h, then 1.06 g (1293 mm
of anhydrous sodium acetate was added and the reaction mixture was stirreidl86100

°C for another 5 hAfter cooling down, 50 mbf water were introduced into the reaction
mixture, and the resultant solid that formed was separated by filtrationurireéned
substance was rinsed on the filter using water until the liquid that passed through became
colorless, and then it was dried in a vacuum witfsP The desiccated unprocessed
material, weighing 0.85 g, was mixed with 3bahDMF at a temperaturaf 80 85 °C for

a duration of 4 hFollowing the cooling process, the solid that precipitated was gathered
through filtration and subjected to sequential washintperilter using 150 m{in five 30

ml portions) of DMF, 150 ml (in five 30 nportions)of methanol, and 150 ml (in five 30

ml portions) of acetone. It was then dried in a vacuum at room temperature with
phosphorous anhydride.

The resulting powder (0.66 g) was annealed in a vacuum at 150 °C for 5 h. The target
compoundP2was obtained with aigld of 0.55 g (73% of the theoretical). FTIR spectrum

( ,cmb): 3204, 1621, 1469, 1354, 1252, 1051, 881, 752. Elemental analysis: calculated for

C12HeN4O4, %: C 53.34; H 2.24; N, 20.74; O 23.69; found, %: C 52.83; H 2.44; N 22.53.

A.4.3 Synthesis opolymer P3
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2,6-Diaminoantraquinone (1.43 g, 6.0 mmol) and triquinoyl hydrate (0.99 g, 3.0 mmol)
were successively added to a mixture efmithylpyrrolidone (30 ml) and glacial AcOH

(30 ml) stirred at 4%0 °C. The mixture was stirred at the same tempexdtr 1 h and

then at 100110 °C for another 5 h. After cooling, the reaction mixture was diluted with an
equal volume of water (60 ml), the precipitate was filtered off, washed with water until the
filtrate becomes colorless (150 ml) followed by acet@eml) and dried in air. The crude
product (1.49 g) was suspended in 30 ml of dimethylformamide, stirred 1 R6& 85

and the precipitate was isolated by filtration; this procedure was repeated three times.
Afterward, the crude product was treated ¢htienes with acetone in the same way at 45
50 °C. After drying in vacuum over phosphorous anhydride, the target priddweas
obtained with a yield of 0.82 g (24% of the theoretical). FTIR spectryronf): 3427,
3321, 3202, 1659, 1623, 1565, 1359, 13284, 1153, 890, 840, 740, 660, 546. Elemental
analysis: calculated foraH14N4O7, %: C 67.10; H 2.63; N, 9.21, found, %: C 68.50; H

4.29; N, 11.06.

A.4.4 Synthesis of polymer P4

p-Phenylenediamin@.86 g, 8 mmol) was added in one portion to the suspension of 2.50
g (8 mmol) of triquinoyl hydrate in 150 ml of glacial acid stirred at 60TT& mixture was
stirred at a temperature range of@®°C for 2 hours, followed by an additional 5 hours at

atemperature range of 100 °C. After cooling, 150 ml of water was introduced and the
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mixture was stirred for 2 hours at room temperature. The resulting solid was separated by
filtration. The filtrate was washed on the filter with water until the filtrate became
colourless, followed by methanol (50 ml) and acetone (50 ml). Pol{@iavas obtained

in the form of a hydrate (three water molecules per polymer unit) with a yield of 1.10 g
(56% of the theoretical value). FTIR spectrum ¢nil): 3442, 2978, 2636, 1579, 1459,

1409, 1172, 1059, 1026. Elemental analysis, found, %: C 50.51; H 3.90; N 9.78.

A.4.5 Synthesis of polymer P5

p-Phenylenediamine 1.30 g (12 mmol) was added in one poatiarstispension of 1.98 g

(6 mmol) of triquinoyl hydrate in 100 ml of glacial AcOH stirred at6@ A4 . The mi xt
was stirred at the same temperature for 1 h and then at 100 °C for another 5 h. After cooling,

the reaction mixture was diluted with an equalume of water and the formed precipitate

was isolated by filtration. The crude product was washed on the filter with water until the

filtrate became colorless, dried in air to a constant weight (1.81 g). Then, the material was

stirred with 60 ml of DMFat 5660 °C for 5 h, the solids were filtered off and successively

washed on the filter with 150 ml (5 x 30 ml) of DMF, 150 ml (5 x 30 ml) of methanol, 150

ml (5 x 30 ml) of acetone. The residue was dried in a vacuum over phosphorous anhydride

at room temprature and then additionally at 1306 0 A4 i n a vacuum oven
target producP5was obtained with a yield of 1.09 g (60% of the theoretical value). FTIR

spectrum (v, cm): 3317, 1675, 1603, 1513, 1407, 1314, 1252, 1175, 1019, 827. Elemental

amalysis, found, %: C 56.68; H 4.20; N 13.68.
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A.4.6 Synthesis of polymer P6

p-Phenylenediamine 1.08 g (18 mmol) was added in one portion to a suspension of 1.98 g
(6 mmol) of triquinoyl hydrate in 120 ml
was stired at the same temperature for 1 h and then al@BCOC for another 5 h. After
cooling, the reaction mixture was diluted with an equal volume of water and the formed
precipitate was isolated by filtration. The crude product was washed on the fiftevatér

until the filtrate became colorless and dried in air to a constant weight (1.38 g). Then, the
material was stirred with 60 ml of DMF at-B0 °C for 5 h, the solids were filtered off and
successively washed on the filter with 150 ml (5 x 30 mDi~, 150 ml (5 x 30 ml) of
methanol, and 150 ml (5 x 30 ml) of acetone. The residue was dried in a vacuum over
phosphorous anhydride at room temperature and then additionallyist 760 A4 i n
vacuum oven for 5 h. The target prodB&was obtained with gield of 0.82 g (36% of

the theoretical value). FTIR spectrum ¢ntt): 3052, 1670, 1601, 1512, 1407, 1312, 1244,

1176, 1059, 1023, 974, 829. Elemental analysis, found, %: C 57.75; H 4.11; N 14.22.

A. 5 Synthesis of polymers P9

A.5.1 Synthesis of P7

Polyhydroquinonemethylene (PHQM) was synthesized according to the previously

published procedure. Briefly, 5.5 g (50 mmol) of hydroquinone and 2.3 g (75 mmol) of
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paraformaldehyde were dissolved in 25 ml of acetic acid. Then, 0.1 ml of sulfuric acid was
added and the resulting mixture was heated at reflux for 3 h. The dark precipitate was
isolated by filtration and washed repeatedly with wateii @.(bL). Afterward, the powder
was dried i n a vacuum oven at 100 uc
Polythiopyranoquinone P7) was synthesized following a similar procedure reported by A.

A. Berlin A finely ground mixture of 5.8 g (180 mmol) of sulfur, 2 g (16 mmol) of PHQM
and 0.4 g (1.6 mmol) of iodine was heated under an inert argon atmospherétaaﬁﬂo
stirred for 60 h. Then, the reaction mass was dissolved in carbon disulfide. The polymer
was separated from the sulfur solution by filtration and washed wittetiylpyrrolidon

(NMP) in a Soxhlet apparatus. Yield 2.4 g (96%). FTIR spectryengl): 2924 (w),2854

(w), 1606 (st), 1424 (st), 1223 (st), 1054 (w), 871 (w), 670 (mid), 589 (w). Elemental
analysis calculated for#S (OH)», %: C 55.99, H 1.34, S 21.38; found %: C 55.23, H 1.62,

S 21.44. SS MAS 13C NMR spectrum: 179.1, 150.4, 125.3, 28.4 ppm.

A.5.2 Synthesis of B

The synthesis was carried out by sintering bromanilic acid following the procedure
reported by A. A. Berlin et al. Bromanilic acid (3 g, 10 mmol) was subjected to pyrolysis

at 250 UC in an argon at mo smpvhsavashedfepeatedly h. Th
with NMP in a Soxhlet apparatus. The yield of insoluble in NMP fractidPBafias 0.8 g

(59%). FTIR spectrum ( cnil): 1730 (mid), 1618 (st), 1548 (mid), 1429 (w), 1354 (w),

1264 (w), 1122 (w), 670 (mid), 582 (wElemental analys calculated for calculated for

148



C604, %: C 52.96, H 0; found, %: C 52.4%, H 0.74%; SS MAS 13C NMR spectrum: 152.4,

139.5, 113.6 ppm.

A.5.3 Synthesis of P

To synthesize 2;8iamina3,6-dibromo-1,4-benzoquinone, 5 g (11.8 mmol) of bromanil
and 120 ml of ethanol are placed in a tmecked roundottom flask equipped with a gas
inlet tube and a reflux condenser. A flow of dry ammonia was passed for 30 min through
the solutionwhich was heated at reflux. The formed red crystalline precipitate was filtered
off, washed with water and alcohol and dried in a vacuum. The yield -afiéytino 3,6-
dibroma1,4-benzoquinone was 3 g (86%). Elemental analysis calculatedsfb{@H ).:

C 2435%, H 1.36%, N 9.47%; found %: C 25.45%, H 1.43%, N 9.16%. At the second
stage, the 2;8iaminc3,6-dibroma1,4-benzoquinone (2.5 g, 8 mmol) was dissolved in 30
ml of NMP and heated at reflux for 3 days. The precipitated black precipitate was filtered
off, washed with NMP, ethyl alcohol and water. Then the resulting powder was vigorously
shaken with bromine water (25 mL) four times. The product was separated by filtration
and washed with water and ethanol. The yield was 0.8 g (71%). FTIR spectrem:

1624 (st), 1438 (w), 1382 (w), 1282 (w), 850 (w), 746 (w), 614 BAdmental analysis
calculated for @N202, %: C 54.56%; H 0%; N 21.21%; found %: C 53.75, H 0.149%, N

21.66%. SS MAS 13C NMR spectrum: 164.0, 154.3, 135.6 ppm.
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Fig. A.1 Cyclic voltammograms d?1 (a), P2 (b), P3(c), P4 (d), P5 (e) andP6 (f) in half-cells with potassium anodes

after galvanostatic preonditioning at 0.5 A g for a number of cycles required to reach stable capacity after initial

activation period.
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Fig. A.2 Highresolution cordevel C 1s and K 2P XPS spectraRifbased electrode in a pristine state, after first charge

to 4 V and after discharge to 0.7 ¥.\K"/K.
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Table A.1The alculated metallation energidEZn for models of polymes P1, P2, and P4* given in eV per introduced

K+ ion. The energies estimated for supramolecular dimers of the fully metallated structures areventiresis

n P1 P2 P4*
2 1.66 1.58 2.03
4 1.05 0.97 1.17
6 0.73(1.53)  0.67 (1.46) 0.87 (1.95)
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£ £ "
Fig. A.3 SEM image of the composite electrode comprised of polyefter 400 chargelischarge cycles at 0.5

gt using 2.2 M KPEin diglyme as electrolyte
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Calculated FTIR spectrum of P1
Calculated FTIR spectrum of P1K8
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Fig. A.4 The comparison of the DFT calculated FTIR spectflaind its fully metallated forr@18K.
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Fig. A.5 ATR FTIR spectra of pristine and potassiated electrodes comprised of pdithiaysandP4 (b).
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Fig. A.6 Redox transformations of P2 (a), P3 (b), P4* (c), P5* (d) and P6* (e) upon charging and discharging of potassium

half-cells. The model molecular structures P4* P5* and P6* were selected due to the reasons explained in the main text
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Fig. A.7 Computed molecular structures of the oligomeric frameworks resembling polpthé¥andP2 (b) after the

introduction of 4 K ions and the same number of electrons per repeating unit.
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Fig. A.8 Computed structures of the supramolecular dimers formélLlggt) andP2 (b) after the introduction of 6 K

ions and the same number of electrons per repeating unit.
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Fig. A.9 Computed molecular structures of the oligomeric frameworks of the model pdihésee Fig. S2g above)
after the introduction of 2 (a), 4 (b) and 6 (C)iEns and the same number of electrons per each repeating unit. The

supramolecular dimer structuigeshown in (c).
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Fig. A.10 The rate capability of the electrodes comprised of polyPdewith increased loading of 0.7 mg &na) and

the cell cycling behaviour at the current densities of 0.5/@®)gand 1.0 A g(c). The corresponding chargéscharge

curves are presented infd

160



o]

Capacity (mAh g™)

O

Capacity (mAh g™)

s0q =i 100
28,1 22 4 U875
| mm243
D e s
100 g5
o Units: )'l"\g1
% 20 40 60
Cycle number
300 - 100__
ﬁ S
200{ _] 75 >
c
50 ©
| 0
100 25 £
@ 0.6 A g1
0 . 0
200 400

Cycle number

Efficiency (%)

E vs. K'/K (V)

0

g
o

-
(9)]

hd
e}

Average potential (V)
= =

100 200 300
Capacity (mAh g ™)

200 400

Cycle number

Fig.A.11 The rate capability of the electrodes comprised of poly@2€a); chargedischarge curves recorded at different

current densities (b); cycling performancé®@f/K half cells after preconditioning at 0.6 A@); evolution of the average

discharge potential of the cells upon cycling (d).
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Fig. A.12 The cycling behaviour of the cells comprised polym@&with increased areal loading (0.7 mg-€nat the

current density of 0.595 Ay
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Fig. A.13 The rate capability of the electrodes comprised of poly@3€a); chargedischarge curves recorded at different
current densities (b); cycling performancé®@f/K half cells after preconditioning at 0.4 A@); evolution of the average

discharge potential of the cells upon cycling (d).
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