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Abstract

Potassiurrion batteriesRIBs) have attracted significant research interest during last decade
due to its low cost combined with competitive energy density characteristics comparadrto Li
batteries. Hence, one of feasible PIB application relates tstdienary energy storage market
that will experience exponential growth in coming years. However, full K cells exhibit poor
electrochemical performance stemming from electrolyte decomposition during cycling due to the
formation of unstable Solid Electraé/IntephasgSEI) and Cathode Electrolyte InpérasgCEl)
layers on surfaces of negative and positive electrodes respectively. FurthéandiegroonHC)
electrodes demonstrate the enormous irreversible capacity loss with low CE values at the firs
cydes The deteriorated performance of HC electrodes in K cells during first cycles arises from
continuous reduction of electrolyte components since the deficient surface passivation or surfac
film cracking leads to the presence of bare spots on electhadeate available for further
interaction with electrolyte.

One approach to improve the stability of SEI/CEI layers over cycling is to tune electrolyte
composition. But the examination of a wide variety of electrolyte solutions has limitations. Despite
the published advantages of KF&8bntained (KN(SO:F)2) electrolyte utilization with
carbonaceous negative electrodes, they still suffer from aluminum current collector corrosion. This
is impermissible for the prosperous elaboration of K full cell with fuftHBrcommercialization.
Hence, KPEelectrolyte salt providing the aluminum passivation is used in present research. Other
strategies to develop new generation electrolyte for PIBs comprise solvent change, the enhance
salt concentration, and the utilizati of electrolyte additives. Herein, all these approaches are
explored.

The effect of salt concentration in diglysbased electrolytes on cycling performance of
promising KVOPQ and Ki4sMn[Fe(CN)]og® 0.4H>0O positive electrodes (cathodes) and a hard
carbon negative electrode (anode) for rgemeration potassiwion (K™-ion) batteries is
investigated. A decrease in free solvent molecule number with increasing electrolyte concentratiol
is found, which results in a better aluminum current collectorlgtalformation of thinner solid
electrolyte intephasgSEI) passivation layers, and further inhibition of solvent degradation redox
processes occurring at the electrode surface wupon cycling. The KyvO&@
K1.4aMNn[Fe(CN)¥]og® 0.4H.0O cathodes exhibit an Banced specific discharge capacity (54 and
105 mA Lréspectively) in K-ion cells at the highest electrolyte concentrations (2 and 2.5 M
KPFs in diglyme, respectively) at a 0.1 C rate. However, the behavior of the hard carbon anode is
noticeably affeted by the salt concentration over the first few cycles, a phenomenon tentatively
attributed to the SEI layer formation and the presence of irreversible intercalation sitégfus K
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in the hard carbon framewoilk addition,the SEI film formation on hd carbon electrodes cycled
in diglyme-based solutions with different salt concentrations are examinednag photoelectron
spectroscopy (XPS), higiingular annular dark field scanning transmission electron microscopy
(HAADF-STEM) and electrochemical pedance spectroscopy (EIS) to adjust the impact of SEI
composition.  Finally, electrochemical tests on Kfull cells consisting of the
K1.44aMn[Fe(CN)k]o.9® 0.4H.0O cathode, a hard carbon anode, and an dtased electrolyte show
capacity retention of 86%ver 300 cycles at a 0.6 C rate.

The possible reasons of HC capacity loss are examined with a combinatnasitafAFM
and various esitu TEM techniques (HREM and HAADRSTEM imaging, STEMEELS and
STEM-EDX spectroscopic mapping) targeting tbkectrode/electrolyte interphase formation
process in carbonateased electrolyte with and without vinylene carbonate (VC) as an additive.
The studied HC consists of curved graphitic layers arranged into short packets and round cage
the latter acting afraps for K ions causing low Coulombic efficiency between cycling. Our
comparative study of solid electrolyte interphase (SEI) formation in the carbuassd
electrolyte with and without VC additive revealed that in the pristine electrolyte SEI consists
mostly of inorganic components whereas adding VC introduces a polymeric organic componen:
to the SEI increasing its elasticity and stability against fracturing upon HC expansion/contraction
during electrochemical cyclinglherefore, the present resealishdedicatedo elaborate the
electrolyte solution for PIB with superb electrochemical performance via tuning its composition

and probing the surface layers formed on electrode surfaces.
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Novelty

1. To date, the advantages of diglyi@sed electrgte utilization for PIBs was
demonstrated for the first time.The enhanced performance oKVOPO; and
K1.4aMNn[Fe(CN)¥]o.¢* 0.4H0O positive electrode materials in Kalf cells with etherbased
electrolyte ispresented for the first time.

2. The elaborate K full cell comprisingiaMn[Fe(CN)]o.9? 0.4H0 and hard carbon
electrodeswith etherbased electrolytdelivers thestable cycle lifeupon 300 cycles at scan rate
of 0.6C coresponding taharging time ofL00 minutes.

3. The origins of irreversible capacity loss in K cell with hard carbon electrode are
identified. They comprise the presence of sites for irreversiierKintercalation in hard carbon
structure, the binder effe¢he electrolytelecompositionand the enhanced content of hard carbon
nanospheres. Theynthesis technigue to obtain hard carbon microspheres with reduced content of
Ananosizedo particles for PIBs with stable

4. For the first tine the formation of films on hard carbon surface in K cell comprising
vinylene carbonate additive was probed using various spectroscopic and microscopic technique
The strategy utilizing vinylene carbonate additive to enhance the electrochpericainane in

K cells is demonstrated.
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Figure6.3. TEM characterization of the HC surface after 30 charge/discharge cycles in the (2.5M
KPF6 in G2) electrolytefa) HAADF-STEM image, individual elemental STEEDX maps, and
mixed colorcoded EDX maps. (b) EDX signal intensity profiles across the surface of the HC
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Figure7.1.Nor mal i zed cyclic voltammetry cdforthes m
first two cycles in potassium half cells with hard carbon electrode in the potential rangé 0.010
2.5V vs K/K in (a) 0.5M KPR/EC:DEC (1:1, v:v), (b) 0.5M KP#EC:DEC (1:1, v:v) +1 wt.%

VC, and (c) KPFEC:DEC (1:1, v:v) +5 wt.% FEC and (d) KFEC:DEC (1:1, v:v) +50 wt.%

FEC electrolyte solutions. The black solid line shows the first cycle and the red dakhhee
TSI ot 0] 0 o3 Y ox = 0P PPUPR 96
Figure7.2.Galvanostatic measurements in théan#lf cells with the HC electrode and carbonate
based electrolyte without and with VC additive in different concentrations: a) galvanasteds c

of two first cycles measured in the potential range of 0i0A.® V vs K/K (the solid and dashed
lines correspond to the first and second cycle, respectively); the dependences of the specifi
discharge capacity (b) and Coulombic efficiency (c)lendycle number..................coeoe. a8
Figure7.3.The average distribution of the dependences of the specifiadigchapacity (a) and
Coulombic efficiency (b) versus cycle number with error bars provided for thtedfi€ells with

the HC electrode and carbondtased electrolyte without and with VC additive in different
concentrations: detected in the potentiageanf 0.010° 2.5V vS K/K. .....cccovveriiiieeiiiinnad 99
Figure7.4.Differential capacity plots measured for fiirst cathodic scan in potassium half cells
with HC electrode in the potential range 0.312.5 V vs K/K in all set of electrolyte solutions:

0.5 KPR/EC:DEC(1:1, v:v); 0.5M KPFEC:DEC (1:1, v:v) +1 wt.% VC; 0.5M KRHEC:DEC

(1:1, viv) +2 wt.% VC and 6M KPRJ/EC:DEC (1:1, viv) +4 Wt.% VC.....oovviiiiiiiiiiiiiieeeee 100
Figure7.5. Optical image of a bubble that cut the datectaser beam above the AFM cantilever.
....................................................................................................................................... 101

Figure76.The opti cal eilmaegea odeé pert embedded [
measurements il lustrating..t.he..geomet.r.illl si z
Figure7.7. CV curves and corresponding in situ AFM topography images of HC surface in (a)
OSMKPR/ EC: DEC (1: 1, wv:v) fdApri st ¢ECHBC (i velut
wt.% VC, and (c) KPFEC:DEC (1:1, v:v) +4 wt.% VC electrdig solutions. Scan size i§4

Om. The slow scan direction is from top-to

situ scan is a voltage range of the image acquisition: the left nuntherimage top, the right

numberi the imagebottom. The arrows indicate SEI nucleation.............cccccoevveiieeevvnnnnes 102
Figure7.8.The in situ AFM topography image ofCHsurface in the 0.5M KREC:DEC (1:1,

viv) +1 wt.% VC electrolyte solution illustratingar t i cl es | ess than 5
i nclusions of par..i.cl.es..o.f...~x20.0..nm.i.n. 184 z e

Figure7.9.The HC microstructure upon 30 charge/discharge cycles in the [0.5NilKBE:DEC
+ 4% wt.VC] electrolyte: (a) HREM image indicates the presence of packetsiofed graphitic

layers (black arrowheads) and round cages (white arrowheads); (b) H&ABM image shows
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graphitic packets (black arrowheads) with no remaining potassium and cages (white arrowheads
where the K atoms are trapped; (GKEELS edges in thpristine and 30 times cycled HA.06
Figure7.1Q The scanning electron microscopy (SEM) image of the hard carbon anode illustrating
the initial electrode morphogy (a) and the morphology change after 30 cycles in the pristine
carbonatébased electrolyte (b) 0.5 KFEC:DEC(1:1, v:v) and in electrolyte solutions containing

1 wt.% VC (c), 4 wt.% VC (d) and 2 wt.% VC (e) in the potential range 0.6 V vs K/K.

Figure7.11.The scanning el ectron microscofpEpergf SEM
dispersive Xray spectroscoppfDX) spectra (b, d) measured fr
i | | utketmompholegy and compositienf hartd @arbon anodafter 30 cycles in pristine 0.5
KPFs/EC:DEC(1:1, v:v) in the potential range 0.012.5 V vS K/K......cooveviiiieiiiieee e 109
Figure7.12. TEM characterization of the SEI layer formed after 30 charge/discharlgs aythe

[0.5M KPFs in EC:DEC] electrolyte: a,b) HAADISTEM images of the surface layers at two
different HC particles; c) HAADFSTEM image, individual elemental STEEDX maps and a
mixed colorcoded EDX map; d) EDX signal intensity profiles across tindase of the HC
PANTICIE ... et e e e e e e e e eeema e e e e e e e e e e eee et e et a—————aaeeaaeeeteerarraa—nnann————— 109
Figure7.13 TEM characterization of the SEI layer formaftier 30 charge/discharge cycles in the
[0.5M KPFs in EC:DEC] electrolyte with 1% VC: a,b) HAADBTEM images of the surface
layers at two different HC particles; ¢) HAAESTEM image, individual elemental STEEDX

maps and a mixed colmoded EDX map; d) ER signal intensity profiles across the surface of

100 TSTN o (O = U £ [T 110
Figure7.14TEM cltean aatt i on of t h e30d&de/dischayge ayclesinotheme
[0.5M KPFsin EC:DEC] electrolyte with 4% VC: a) HAADSTEM image, individual elemental
STEM-EDX maps and a mixed colamoded EDX map; b) EDX and HAADF signal intensity
profiles acr@s the surface of the HC particle.............ooooviiiiiicccriiieee e 111
Figure7.15 HAADF-STEM images accomplished witlmapping by EDX illustrate the
distribution of C, F, K, O, Ar and Na over HC particles after 30 cycles in pristine 0.5M

KPFS/EC:DEC (L, ViV) ettt iiiiiiiiiiitiitteeee e teeestt bttt e e e e e e e e e e seeteeteeeaeaeaeaaaaaaeassssammneeeeeens 112
Figure7.16.Typical EDX spectrum of HC particles after 30 cycles in pristine 0.5M
KPFS/EC:DEC (L1, VIV) ittt eeeei bbbttt et e e e e e e eees ettt et e e e e e e e e e e e e e e e s s s ammmeeeeeeas 112

Figure7. 17. Schematic of SEI formation on HC surface in electrolyte solutions without (a) and
with (b) the VC electrolyte additive (the coordination number for K+ equals&rbonatebased
BIECIIOIVEES™) ..o oottt ee e ettt e et e et e et et snna e ste et e ere e e e eaeas 113
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Chapter 1. Introduction

Global energy storage market experiences rapid growth aWwexdecarbonization in key
industry segment3.he present energy storage devices based-amlor leadacid batteries suffer
from high cost or inferior characteristics, respectiveRotassiurrion batteries(PIBs) are
considered taccomplish all requirements for stationary energy stobayend Li-ion systems
due to the reduced cost combined with thigh energy densitywalue However, the PIB
development faces issues concerrirgfastercell degradatiomompared to Li+ion counterparts
Furthermore,the electrode materials should accommodatde enoughchannels for solid
diffusion of large K-ionsinto structure.

Prussian blue analogues and polyanionic compounds are reported to enable the reversib
K*-ion (de)intercalation into lattice host owingdpen 3D frameworkMoreover they deliver the
specific discharge capacity values in the ranig80-1 4 0  mAadndh High operadin potentials
>4V vs K*/K ensuring the elaboration of high energy density PNBsertheless, the enhanced
working potential requests the increased oxidation potential of used electrolyte components
suppress the irreversible cell degradation

Hard carbon(HC) negative electrode facilitates the reversibl&idh (de)intercalation
delivering high specific capacity valués the range of 22@ 6 0  mA withdutgsignificant
volume changes compared to commercial grapHib&vever, HC electrodas K*-ion cellssuffer
from the continuousirreversiblecapacity loss during cycling originating from the electrolyte
decompositionlt might be avoided via formation of uniform and stable solid electrolytepindeie
(SEI) on HC surfacelhereby the urgent demand in electrolytemposition choice emerges.

The electrolyte solution should satisfy the requirements from both positive and negative
electrode sideBesides, tishould passivate the current collectors to prevent their corrosion. The
electrolyte decomposition should result in formation of stable ahabiK conductive surface
layers This research is dedicated to probe the SEI layer formatidA®electrode surface in
carbonatebased andliglyme-based electrolyten K*-ion cells Furthermore, the HC synthesis is

optimized to attain best H@erformance in PIBs.
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Chapter 2. Review of the Literature

Characteristics of metation intercalation systems

The decarbonisation in key segments of the energy market in order to avoid the risk of
catastrophic climate chanigeoosted the global market of the energy storage devices up to
approximately $99bin in 20%9the tremendous part of which (86%) is based on the
electrochemical devices such asiam batteries or leadcid batteries The latter ongossesses
deteriorated characterissisuchaslow energy densityand operation lifetime. The lithiuaon
batteries exceed the leadid ones in overall electrochemical parameters, but suffer from the high
cost. This bringsn urgent demandior cheap competitive alternative that might P due to
abundance of potassium in the Eart hoherefara, ust
the worldwide trend of the transition from fossil fuel to renewable energy has provoked the
insistent developmermif alkali metation battery technology beyond-ian.

The key cell components embody the positive and negative electrodes, electrolyte, separatc
and current collectors. The choice of battery components define the substantial cell characteristic
- specificcapacity, operating voltage, specific energy, rate capability and cyélellife electrode
composition and structure establish #iectrode potentialThe voltagedesignates the potential
difference between the electrodes.

The specific chargeanddischarge capacitiesf anelectrode material in metan battery
are defined as the amount of charge passed at the charging or discharging steps, respectively, |
unit weight of the active electrode material. The factors determining the capacity of the insertion
electrode in thalkali metalion cell are as follows: (1) the capability to change the valence states
of electrochemically active atoms (generally, transition metal atoms); (2) the availability of the
host sites to accommodate the alkali metal iohsaAd (3) the revenrsility of the (de)intercalation
reactions. Theéheoretical or maximal capacityof the selected electrode material correlates with
the number of reactive electrons and the molar weight of the material, as expressed by th
following equation:

az’0
o®z 0

where z is the number of reactive electrons per formula unit, M is the molar weight of active

electrode material, the constant 3.6 provides the unit transform fisnoAmAh and F is the
Faraday constant (F = 96485.B1@I?). The equation iplies that the choice of the electrode with
lower molecular weight and with the capability to accommodate more electrons per formula unit

leads to a higher capacity in theory.
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Energy and power available per unit weight are calledpkeific energandspecific power
and measured in Wikg! and Wkg?, respectively. These terms transform intoghergy density
(WLhiL 1) and thepower densitfWLL™?) to address the amount of energy or power that can be
stored per unit volume. The energy containedh@ metalion cell is the integral of voltage
multiplied by the charge capacity

0¢ Q1 "QWOQH6

In battery terminology, theate capabilityreflects the maximum charge/discharge rate of a
metation cell and, generally, is designated in the C rateotiion. A C rate represents the
(dis)charge current at which the battery is charged or discharge during the selected amount of tim:
e.g. 1C equals the charge/discharge during 1 hour; 0.8UCing 2 hours, 2C during 0.5 hour.

The metalion battery wih the enhanced rate capability might deliver a significant amount of
power, providing the low voltage loss at high current loads. Particularly, it matters in the metal
ion battery development for electric vehicles (EVs).

Another crucial parameter is thgcle lifethat is determined as the number of cycles that an
electrochemical cell can be effectively recharged before its performance (its capacity) has becom
too degraded. Th€oulombic efficiencfCE) shows how the initial capacity is reduced during
cyding: the equation

0

00 —zpnmnhb
5 p

reflects the fraction of the preceding charge capacity that is available during the following
discharge. This depends on different factors, e.g., current load and depth of discharge icie@ach cy
Applications involving longierm operation require the metah cells with the extremely low
capacity loss per cycle.

Within the battery charging and discharging the electrode reactions are based on reversibl
intercalation/deintercalation of the alk cations A into the host electrode lattice with a
simultaneous addition/removal of electrons leaving/entering the external electrical circuit through
current collectors. The current applied to a mitalcell to recover its capacity is called charge
current or charge rate. Conversely discharge rate or discharge current is a rate at which electric
current is removed from a battery. They both are usually expressed in terms of the C rate. Th
electrolyte role includes mass transport of ions from orarebte to another. This is the simplified
scheme of metabn cell operation. However, the genuine situation also comprises charge transfer,
cation (de)solvation, ion migration through surface films, the stéte diffusion of alkali metal
ions A" in the host lattice, and, in many cases, phase transitions. The elucidation of these
sophisticated processes is required to elaborate next generation battery with enhanced propertie
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Processes occurring during operation of the metabn intercalation system

The charge transfer (CT) processes denote the crucial role in the alkali-iometal
intercalation systems. Firstly, the electron transfer from the current collector to the redox active
center in the electrode lattice accompanies the structure modificatioto dne change in the
oxidation state. Secondly, the alkali metal ion transfer from the bulk of electrolyte solution into
the intercalation host is, in most cases, thelmtiéing sted.

Solvatedalkali metal ion A diffuses to the electrode/electrolyte interface through the
electrolyte solution. The solvation shell may encompass solvent molecules and anions of the
electrolyte salt. The complete or partial desolvation occurs in the vicinity efabiode surface.

The desolvation energy depends on the solvent nature, ion radius and ion charge. It migh
contribute significantly to the apparent activation energy of the intercalation process in the case o
the absence of the surface film formation

One remarkable phenomenon manipulating the rietabattery performance consists in
the formation of passivating films. During battery operation the electrochemical interaction
between thk bare electrode surface and the electrolyte components, in the most cases, results in tt
covering of negative or positive electrode surfaces by the solid electrolytehase(SEI) or
cathode electrolyte intehase(CEI) layers, respectively The formation of SEI/CEI films on
electrode surfaces is accompanied by the significant increase in the apparent activation energy
charge transfet. By contrast, the formed surface layers prevent further electrolyte degradation.
The electrolyte salt, solvent and additives alter the structure of the electrode/electrolyte interface
The rateperformance of metabn batteries is determined by the rhiteiting step that in various
cases is associated with the hindered ion transfer across resistivé taykrs to the strong
interaction betwen their components and alkali metal ion. Thereby, most research efforts should
concern tuning SEI/CEI layer properties to enhance the ion transfer rate through surface films.

Generally, the alkali metal ion intercalation comprises the following %tépd) ion
diffusion in the solution bulk?) ion desolvation in the vicinity of the SEI(CEIl)/electrolyte
interface;3) ion transfer through surface laye43ion adsorption at the electrode surface (an adion
formation);5) surface diffusion ofon that may adjust phase transformation in electrode materials,
e.g., lithium iron phosphateased cathode composite LiFef6) charge transfer across the
electrode/SEI(CEI) iterface; and7) ion solid state diffusion in the electrode lattice. If no
passivating films are formed at the electrode surface, the intercalation scheme simplifie8)as step

is missed and the ion desolvatioccurs at the bare electrode/electrolyte interface.
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K*-ion battery

The expected advantages of the emerging PIB technology have inspired intensive researc
activity in this field. Th'redxpatedtal nha0.09Mf K
more negative than that of‘llii in carbonatebased electrolyte, and higher ionic conductivity due
to the small er Sdnedmpaded to [i'apdovide smpdud for investigation of
K™*-ion intercalation systems. Nevertheless, major drawbacks arising from the electrode instability
(irreversible structural changes occurring, e.g., in graphite ele&yoaled interfacial surface
chemistry in K-systems have beaeported?' The overwhelming problem stands in the large
resistance detected at the cathetitrolyte inteelectrode/electrolyte intphasgCEl) in K*-ion
electrolytes whose origin is poorly underst8old Moreover, the primary methodological
examination of electrode materials fof-Kn batteries is typically performed in the K metal anode
half-cells. In the most cases, the observed capacity fading in such J€elalfis mistakenly
ascribed to the intrims problems of electrode materials such as surface reconstruction or bulk
structure degradation. More probably the undesirable capacity decay may stem from the higk
charge transfer resistances of the K metal stripping/plating redétiass well as from the
formation of an unstable or highly resistive interfacial film on the K metal electrode surface upon
electrolyte decompositidfidue to high K metal reactivity. In total, the listed processes result in
the large overpotential on the K metal anode and might become a reason behind the dramat
capacity fading of the hatfells'*1% However, all these problems involving the huge resistances
of the CEI layer, th formation of the unstable SEI film on K metal surface and large charge
transfer resistances of the K metal stripping/plating reaction and the resulting poor electrochemice
performance can be at least partially avoided using proper choice of ssdlszambinations
which is the important outcome of this study. Since the ultimate selection of the electrolyte solution
depends on both positive and negative electrodes utilizetiorksystem, the overview of most
popular electrode materials for PIBs iegented below.

Positive electrodes for PIBs

The comprehensive review was composed by the research group of Karitakgpositive
electrode materials might be divided into several groups depending on their structure: layere
transition metal oxides, Prussian blue analogues (PBAS), polyanionic compounds, and organi
materials.

Layered transition metal oxides AMO 2

The st r uNafeG-tyge AB®; colpounds is designed from M€labs comprising
edgesharing MQ octahedra and alkali metals in the interslab gaps. Polymorphism emerges when
the MO slabs are stacked with different stacking sequenceg #heg-axis direction. Herein, the
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notation covering the corresponding-OB3 and P2 oxide types is described (Figure 2.1a). In
the O3t y p daFeQ@type) structure, M@slabs are disposed along thaxis with cubic close
packed (ccp) oxygen sublatti corresponding to an AB CA BC array, while the alkadtal ions
are accommodated at the octahedral sites in the interslab space. Each hexagonal unit ce
encompassesthree M®1 abs. The A00 in O3 type dee@ates
ions are | ocated and the subs e qgslabsidompnsadnbther T
hexagonal unit cell. LargeKons generally prefer occupation of trigonal prismatic sites providing
larger space than the octahedral ones, leading to formatiostypeRayered oxides such as P3
and -RIZSc@) fypes. Inthe P3ype layered oxide, alkainetal ions accommodate the trigonal
prismatic sites in the interslab space between the $lfDs with the oxygen packing arrangement
AB BC CA along thec-axis. There are three MGlabs in the hexagonal unit cell. In the case of
the unit cell distortion from the hexagonal symmetry, a prime symbol is added between the lette
and the number; hower, the number of Mgxslabs is counted for a pseudohexagonal unit cell. In
the P2type layered oxide, alkafnetal ions occupy the prismatic sites with the oxygen packing
arrangement AB BA AB along theaxis.

The distinct difference in the structurahkility of layered alkali metal oxides AMQvas
elucidated via the correlation between the ionic radii of the alkali metal ata)saiRl transition
(Rms+) metal atom¥'2! and that between/Rand t he ionicity of%2the
The ionicradius of 'ii n oct ahedr al coordination (0-.76
metal iong3. Hence, the mixture of lithium ions with transition metal ions is maverble to
form cation disordered roekaltt y pe ( Na Cl| t y p-€LiFeOp Oratkeeother sandg h
theNda(1.02 {(01l.ada& K) ionic r adiT'ianddhe ansitianmgtal r |

ions, and consequently, no sérchange occurs tveeen them.
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Figure2.1. a) Schematic illustrations of the crystal structures of ®3, and P2type KiMO2'’

b) galvanostatic profile of GECrO, electrode in K cefft c) cycle performance othe P3

Ko.7F&.sMng 502-nanowire and P& o 77 sMno sO2-particle electrodes in K cetp

The only reported O&xMO- are KSc@?® and KCrQ?'. The former haing the electron

configuration [Ar]483d® should be electrochemically inactive as -R&8ScQ?!. The later

exhibited good cycle stability and a reversible capacitp@ mAlhlg' ! with stepwise voltage

profile in the

F/KeinK eells(Figuré 2. ib)ithatlarisés fravn thve somidlicated

structur al 3ePhN@Bn gPe3st P(NB3 1RGN OBKCIGR)r 1 >
Two nonstoichiometric Mit ont ai ni ng | dypeeKs D 6%anddPatype P Nj2

Ko.sMnO23 are reported while the stoichi@tnic oxide KMnQ possesses the nonlayered structure

consisting of chains of [Mné) edgesharing squarpyramids2 The K contenk might alter the

structural type of k(MO obtained viathesolid t at e reacti on. Theypsynt

Ko.3aMNnO2 exhibited an orthorhombic lattice with the space grabmcnt®3° and delivered a
reversble capacity oD70 mAhlg'ti n 1. 57 3/K &ndM130wsAhidK? in the extended
potenti al r a n g &K in threetlecBotedkhaf cellg®. While |IKrger capacities

stemmed from higher upper cutoff potentials, the capacity retention was visibly declined. In

contrast, t he

restr i ct e tK  regsdtedembetieracapacityaategtion o f

without structural degradation. The layered-tyBe KosMnO. oxide with a rhombohedral lattice

(the space grouB3m) delivered a reversible capacity@100 mAh ¢in 1.5 3.9 V vs K/K in
a K halfcelPl. The performeéth situX RD me a s u r e fesMnOssuppatthat BtiNfdural
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changes from the P& the O3type phase occurred via a typbase reaction for 0.425 > x > 0.395

in KxMnOz and from the O3to O3like-phase (a phase with largealsispacing preserving ©3
stacking?) via a twoephase reaction for 0.364 > x > 0.316 in the K deintercalation process
Particularly, the irreversible migration of transition metals from the slab intmtireslab is less
beneficial compared to the transition metal migration in the Li and Na systems. The inverse
structural changes were detected on K intercalation during discharge confirming a reversible K
(de)intercalation from/into the framework of R3IMNnO2s t ruct ur e i n the vol
V vs K'/K. The stacking faults and defects occurred in the structure during K extractio 7

in KxMnOo, resulting in less stepwise voltage profile and capacity fading during cell cycling.

KxCoQ: compomnds cr yst-adnd P3ztype structurédffj2Both P2 and P3
K1 1GoQ; delivered the reversible capacitiesif0 mALhlg't andD70 mAlhlg' ! in the potential
ranges of 2Kadhd13%.3.9V W KK sespectively®. The K ions occupy the large
prismatic sites instead of octahedral sites compared to smatirig, providing larger interslab
distances during the charge and discharge processes. Theltage operation of both P2and
P3K:17GoO,el ectrode materials would stem from
LiCoO». The stepwise shape of voltage profile probably originates frowakancy ordering.

Various binary and ternary transition metal systems (includiblpgk elements) havbeen
reported®393° compared to the limited single transition metal systems that were described above.
Both the P2Ko7FesMnosO2 nanoparticle®3” and P3KoFesMnosO2 nanowire$® deliver
reversible capacities exceeding 170 lni&y' * with good cycle stability in the potential range of
1. 571 4. OK(Mgure &.1cK The enhanced capacity valhrgginate from the specific particle
size and morphology, while smaller reversible capacities and poor rate performances were
observed for the micrometsized P2Ko s sMno 502" and P3K o 7F& sMno s022° (Figure 2.1¢).

The micrometesized particles P&os4£ 00 sMnos02 delivered the reversible capacity value of
120 mAhlg' and 100 mAhlg' ! in K half-cell and full cell with hard carbon gative electrode,
respectively®.

Multiple transitionmetal systems utilizing the partial replacement with reidextive
metals such as Mg, Cu, Zn, and Te, residing the b&b, tune the Kions and vacancy ordering
in the interslab and, thus, diminish the voltage $tefffie P2K 2sNizsTens0; electrode delivered
a reversible capacity value of 65 mifg't. While replacing Ni* with Zr?* in the P2
K2i3[Ni12ZmyeTes)O2 results in a higher reversible capacitglue of 75 mAhlg'! but with
decreased capacity retention due to the contributions of the oxide ion redox reaction during
(de)intercalation.

The potassium layered oxides exhibit the inferior working potential compared to those of

PBAs and polyanionic conmpinds that are described below.
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Prussian Blue Analogues (PBAS)

There exists vast diversity of Prussian Blue Analogues (PBAs) comprising various transition
and alkali/alkali earth metals. The chemical formulas of PBAs are depicted as
AMI[M2(CN)gyL n, 8 (00 x O 2, y O 1), where A is an ¢
M2 can be various metals such as Ti, V, Cr, Fe, Co, Ni, Cu, and Zn. The reduced Prussian Blu
AFe[Fe(CN}], i.e., all the F& ions are reduced to Fdons and, thus, the alkali (xB2) or alkali
earth (x =D1) metal content is enhanced, is called Prussian Whke[ke(CNy]. Generally, the
discussion of PBAs also includes Prussian white compounds. A typical PBA crystal structure has
a 3D operframework comprisingornerconnected octahedra MiMnd M2G (Figure 2.2&Y.
Ordinarily, the PBAs have a cubic structure (space gfemgBm) with the correspondingly
arranged octahedra. However, the incorporatadremtind molecules may promote the octahedra
rotation with the subsequent structural transformation to monoclinic (space B2atnp or
rhombohedral (space gro&e3m) distorted PBAs (Figure 2.2b). The PBA structure with open 3D
channels facilitates thentercalation and diffusion of alkali metal ions with large size liKe K
Indeed, PBAs possess the electrochemical activity in all alkali metal ion systeémN4dlLiand
K*)#243 K-poor PBAs exhibit a cubic structure, whilerikéh PBA compounds tend to possess
monoclinic structures, regardless of the drying condiffbtfs due to the large Kionic radius.

The increased value of the Pauli repulsion prevents the lattice shrifkaupk the formationf a
rhombohedral lattice with a smaller volume than that of the monoclinic phase.

a)

M1N,

M2C,

Open sructure
(x=0) (x=2)

Figure2. 2 Crystal structures of PBAs: (a) cubic and (b) rhombohedral; the blue and pink
polyhedra depict M1Nand M2G, while the yellow spheres represent K métal

Another characteristic feature of PBAs is the difference in the spin states of the transition
metals in the M1bland M2G octahedra depending on the ligand field. For instance, the transition
metals Fe and Mn have the higpin (HS) M1 in the M1bloctahedron, and the lespin (LS) M2
in the M2G octahedron owing to their respective weakdbrdinated and strong-éordinated
ligand field$®.
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The electrochemical performance of the PBA electrodes is summarized in the table 2.1. Mos
of PBAs compounds areustied as positive electrodes whereas @iyCo(CN)]- refers to the
negative electrode. BesideK,Zns[Fe(CN)]> possesses the structure different from PBAs.
Conventionally, electrochemical properties of PBAs are contingent on transition metals; ffe(CN)
vacancies (due tihe significantly declined number of electroactive redoX Eenters in vacaney
rich material¥; particle size; K and interstitial water contents.

Table2.1. Summary of the electrochemiqgaioperties of PBAs in PIBs.

Electrode material Specific Average Reference
capacity, discharge
mALhlg' ! voltage, V vs

K*/K

KxFe[Fe(CNj}] thin film 79 3.7 49

rGO@KxFgFegCN)s|@steel 97 3.1 50

KxFe[Fe(CNjy] 111 3.5 51

KxCo[Fe(CN}] 60 3.3 51

KxNi[Fe(CN)] 64 3.6 51

KxCu[Fe(CN}] 35 3.2 51

KFe[Fe(CN}] 119 35 52

K19de[Fe(CNJogd 0 ..& H 128 3.6 46

K1.8dMN[Fe(CN)]o.92 142 3.6 45

K1.7MIn[Fe(CN)Jo.od: O . ;D06 H 141 3.8 a4

Ko.2od~e[Fe(CNglo.god 4 . D1 H 78 3.1 53

Ko.aTio.75-e.2dFe(CN)Jo.ed: 2 .o H 138 2.3 54

KoZna[Fe(CN))|2 67 3.7 55

Cos[Co(CN)]2 366 0.6 56

The choice of transition metal PBAs alters the values of operating voltages and reversible
capacities. Figur@ . 3 i1 |l |l ustrates the chargeidischarg
metals: K.eFe[Fe(CNylosy (KFFCN), Ki7zsvIn[Fe(CN)]o.oz (KMFCN), KxNi[Fe(CN)g]
(KNFCN), KxCu[Fe(CN}] (KCUuFCN), KxCo[Fe(CN}] (KCoFCN), and
Ko.sTio 7@ 2dFe(CNYJood: 2 ..B KKTFCNY45154 Ni-, Cu- and Cebased PBAs exhibit
capacity wval ues i nhigt! ateibutedatm ay arelestfon LS &/ @doxn A
process, whereas Nj Cl/?*, and C38" remain electrochemically inactive. Conversely;, Adn-
and Tibased PBAs reveal high specifi@paci ty values i n lhighe r
corresponding to a twelectron redox process comprising both L3'Beand HS M3 (F&*/*
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orMn? P orlikely T r edox reactions. The capacity g
K*/K correspods to the redox of LS F&%*. However, the redox potential of HS transition metals
varied greatly depending on their nature. Accordingly, the redox of H8laccurs at high
potentials >4 V vs KK, while HS F&”3*and T#***occurred at valuesof3. and O2/K,0 V
respectively. Therefore, Mbased PBAs seem to be an attractive cathode material for PIBs with
the enhanced energy density. Furthermore, PBAs reveal excellertelomgycle stability. For
instance, KMn[Fe(CN)]ylzH-O (KMFCN) show capacity retention values >90% after 350 cycles
in 7 mol kg! potassium bis(fluorosulfonyl)amide (KFSA) in igimethoxyethane (DME)
electrolyte solutiorY.

The operando XRD study of the structural evolution of monoclinMi{Fe(CN)]yLzH.O
reveals a reversible transition from the monoclinic to the cubic structure in the lower voltage
plateau viaatwpha s e reacti on where K cont ¥%idHefudherang

transition occurs from the cubic to tetragonal structure in the higher voltage plateau (K content

var i es i n t he *rThesegtractualftransfornrafionsdaje accomplished with volume
changes of +14.4 and 1T6.0% for the nsitionsocl! i
respectively.

The proper patrticle size selection may tune the electrochemical properties diaRBd
cathodes. For instance xRe[Fe(CNg]ylzHO (KFFCN) exhibits the substantial difference in
electrochemical performance depending on particlesSizThe small KFFCN cubes with the
average siz®20 nm demonstrate a high reversible discharge capacity of 140lgh/Ain the K
cell, while large KFFCN cubes with the size >4 show a poor capacity value®10 mAhlg' L.

The low discharge capacity value of KFFCN with large particle size could be tentatively ascribed
to the slow solid state diffusion of'ons in the KKFCN host. However, the morphology design

and transition metal charfjé* may alleviate the slow Kion diffusion in PBA framework for
future use of large PBA patrticles.

Thereby high specific capacity and redox potential values resulting in high energy densities,
together with the easy scalable and4owst compound production, result in reasoned option of
KMFCN as the encouraging cathode material for PIBs. Neverthelespjte their splendid
electrochemical performances, PBAs posses®raldisadvantages: the low tap densttye low
electronic conductivity due to their open 3D framework structure and chelnaindlcharacteand
insufficient thermal safetyin case ofa short circuit The cyanide groups are releasssltoxic
cyai des above 200 AC, which al so exother mi
runaway?. However, the tap density value mighg enhanced via spray dryimgthin thermal
stability d PBA material, the electroniconductivitymight be inceasé via addition of carbon
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nanotubs to electrode composite and, finaltire suppressiorof CN groups eiission might be

attained via the utilization @fdditive acting ascavenger.
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Polyanionic compounds

Similarly to PBAs, polyanionic compounds possess 3D open framework structures
comprising MQ (where M = transition metals) and (X@(where X = P, S, Mo, W, As and Si)
polyhedra. This open structufacilitates fast diffusion of K* ions. Furthermore, polyanida
structures deliver the enhanced redox poter
bonds due to the highly covalent XT O bonds
covalent X1 O bond. This phenomedeaaughwmahsfieldr o p
of energy storage materi &Ms and called fAthe

Primarily, thepotassiurdbased polyanionic compounds similar to their lithium and sodium

counterparts were studied as positive electrodes for PIBs. However, a number of structures we
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observed not to be thermodynamically stable like triphylite KRe@vine-type struatre).
Others like KFeP®@(SG P21/n), KMnPQy, KFeRO7, KCrR0O7, and KkMnP.O7 appeared to be
electrochemically inactivé&®®

Three kinds of pyrophosphate, K:®,, KMoP.O7 and KVR:Oy7, with structure related to
KAIP20O7 (SG P2/c) have demonstrated the reversilieion intercalation, exhiliing reversible
capacities of 22, 25, and 54 iidg'*at 50 A C, . @Oretts pteec hand vihe Fapd Mn
based pyrophosphates KERER and KMnP.O7 occur to be electrochemically inactive.

Some vanadiudbased fluorophosphate and oxyphosphate compounds, such as
KaV2(PQy)2F3, KVPOsF and KVOPQ, have also been studied as positive electrodes for PIBs.
KsV2(PQy)2Fs have demonstrated the reversible capacitiues >100 mahlg'! and the good
capacity retention of 95% upon 180 charge/discharge cycles. Its crystal structure is built up of
VO4F, octahedra and PQetrahedra. The volume change has not exceeded 6.2% #Uuiriog
(de)intercalation. Both KVP& and KVOPQ compounds have a KTIORCKTP)- type structure
(SG Pna2y), consisting of cornesharing VQF./ VOs octahedra and PQetrahedra. KTRype
structures provide appropriately large channels that alleviate thaiffdsion. KVPQF and
KVOPO4 have exhibited the reversible capacity value®92 and 84 mahlg'! , respectively,
and high redox potential valuBgl V vsK*/K. Orthorhombic KFeS@F with a KTRtype structure
has exhibited a capacity value of 110 ' ! in the first cycle and a cagacretention of 78%
upon 20 cycles.

The eleatochemical properties of polyanionic compounds in K cells are summarized in
Table2.2. Vanadiurrbased phosphates and fluorophosphates have demonstrated good
electrochemical performances in terms of capacity value and operating péftéhtidbwever,
the utilization of expensive and toxic elements (V) would hinder the future implementation of PIB.
So, the abundant and nontoxic elements such as Fe and Morarenaferable.

Table2.2. Summary of electrochemical properties of polyanionic materials for PIBs

Electrode material Specific Average Reference

capacity, discharge

mALhLg'? voltage, V vs

K*/K

KVPO4F 90 4.13 67
KVOPO4 80 4 67
KVP20; 61 4.15 66
K3V2(PQu)s 54 35 68
K3V2o(PQy)2F3 104 3.7 69

33




heterosite FePO 120 2.3 65
KoFeRO7 60 27 65
orthorhombic KFeSaF 100 3.6 65,70
monoclinic KFeSGF 50 3.4 65,71
KMoP207 25 25 66

Organic compounds and metaion frameworks

Other materials explored as cathodes for PIBs are constituted of organic molecules anc
polymers with carbonyl groups as redox centers. Bothfaquinonyl sulfide) (PAQS) delivers a
reversible capacity value dp190 mAhlg'! in K cell with electrolyte solution [potassium
bis(trifluoromethanesulfony)amide (KTFSI) in the mixture of dioxolane and DME] at a current
rate of 20 mAg'* (D 1t 8)F. #he mechanism d{*-ion storage in the PAQS electrode is depicted
in Figure 2.4a. The two voltage pl atwhiiKs at
correspond to the two step (de)insertion ofigns (Figure 2.4b)However, PAQS electrode
dissolution in electrolyte leads to the reduced cycle stability.

Perylene3,4,9,10tetracarboxylic dianhydride (PTCDA) exhibits a reversible capacity value
of 120 mAhlg' ! at operating potential dd2.4 V vs K/K at low current énsity (Figure 2.4¢§.
However, PTCDA suffers from the substantial capacity decay due to the low electronic
condctivity and electrode dissolution in the electrolyte. But the annealing the PTCDA powder at
450 AC results in the increase'dSdifrenc10i°8ni c
m'! 74 Furthermore, a reversibtapacity value of 123 miAlg'! at 100 mAg'?! rate after 140
cycles is attained in K cell with concentrated electrolyte solution (3 mbKIESA/DME) (Figure
2.4d), owing to the suppressed PTCDA dissolution accomplished with the reduced amount of fres
solvent molecules.

Oxovanadium oxalate phosphates with the general formuld8 @) 2(HPQs)2(C204)] and
A2[(VO)2(HPGs)2(C204)] have also been ernined as the electrodes for PIBs. Generally, these
materials refer to the metal organic phosphates open framework (MOPOF). Their structure
consists of [(VOYHPQy)2(C204)]2 layers with K ions located in the interlayer space. However,
they demonstrate a&duced specific capacity value and a poor Coulombic efficiency in K cells

with conventional carbonateased eletrolyte.
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Thereby, most organic materials possess low charge/discharge potenD&is2db V vs
K*/K leading to the decreased specific energy. Moreover, they suffer from the significant
dissolution in electrolyte during battery operation resulting in the fast capacity decay. Besides,
these electrodes require additional prepotassiation process fosaoadlgg to the K absence in

the positive electrode structure.
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In summary, K containing layered transitioretal oxides exhibit small specific capacity
values, low operating potentials, and stepwise voltage profile arising from multiple phase
transitions. In addition, organic compounds alsmonstrate low operating potentials in K cells
and suffer from the significant dissolution in electrolyte. Whereas, PBA electrodes deliver both
high capacity values and operation potentials in K cells, due to their 3D frameworks with channels
and interstial sites suitable for fast Kion diffusion. Similar to PBAs, polyanionic compounds
with 3D open frameworks demonstrate high operation potentials.

Electrolyte for PIBs

Generally, the electrolyte is usually obtained by the dissolution of an alkali saditah a
mixture of organic solvents. The ideal electrolyte exhibits high ionic conductivity and low
viscosity combined with wide electrochemical stability window. PIB electrolytes often contain K
salts and organic solvents (with additives). Popular k& sak KPE, KCIO4, KBF4, KN(SO:F),
(potassium bis(fluorosulfonyl)imide, KFSI) and KN(80Fs)2 (potassium

bis(trifluoromethanesulfonyiimide, KTFSI). Carbonate ester (such ethylene carbonate (EC),
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diethyl carbonate (DEC), dimethyl carbonate (DMC), propylene carbonate (PC)) and ether
solvents (dimethoxyethane (DME); diethylene glycol dimethyl ether or diglyme) are often utilized
in PIBS2Y7,

The solution structure influences the ioartsport, electrolyte stability and electrochemical
performance of a metabn battery. The DFmolecular dynamics (MD) simulations of KREC
localized structures unveil typical solvation structure 6fidas’. It is not ascribed to a definite
geometry due to the numerous coordinating oxygen atoms. Thaughsprefer the coordination
numbers of 8, a broader coordination number distribution is reported fon& compared to Li
ions’®. So, K ions might exhibit both higher coordination number and more disordered and
flexible solvation structures, resulting in faster ionic diffusion in aprotic solvents.

The lower solubity of K* salts in organic solvents arises from the decreased solvation
energies compared to'Land N&’’. The K-ion desolvation energy values calculated via the gas
phase approximation varies in the range of 68lfk0*-139 kdmol? for 27 solvents involving
carbonate esters and ethers. However, the reduced desolvation energy promotes faster desolvat
process at the el ech Tedw, the Kdekobationrpmdesstisemore n t
kinetically favorable compared to that in thé-Land Na-systems in aprotic solvents providing
reliable reason to elaborate higbwer PIBs. Albeit insufficient K-ion solvationleads to bare
ions that bombard and, thereby, corrode the forming surface layers.

KPFs-based electrolytes are more often utilized to examine both positive and negative
electrodes for PIBs because kPdalt posesses the electrochemical stability and provides the
sufficient Al foil passivation to prevent current collector oxidatipwhilst using the KFSI salt at
the potentials > 4 Ws K*/K results in the drastic Al foil corrosiéh Hereby, KFSibased
electrolytes are mainly utilized to probe negative electrode matevlal®over,the binary-salt
KFSI-KPFs solutions could beimplementedto attain both stable SEI on graphite negative
electrode andAl current collector stabilitf?. KCIO4 and KBF salts are rarely utilized as
electrolytes for PIBs due to their low solubilities in organic solvents.

Electrolytes primarily contribute to tHigm formation on the electrode surface owing to the
electrolyte decomposition. Solelectrolyte interphase (SEI) and cathode electrolyte interphase
(CEI) are formed on the negative and positive electrodes respectively resulting in the irreversible
capady loss. However, the formation of stable surface layers with higbiktransport properties
prevents further electrolyte reduction/oxidation and ensures the sustainable battery performanc
Two approaches may be applied to attain stable SEI/CEI formedgether with the sufficient
K*-ion solvation tuning the composition of electrolyte solution: the additional of special functional
compound, named as fAelectrolyte additiveo,

concentratiof?.
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Electrolyte additives

Electrolyte additives arguccessfully utilized in metabn batteries resulting in improved electrode
kinetics due to the formation of less resistive and stable passivatiof film#rious compounds

such as vinylene carbonate (VC), fluoroethylene carbonate (FECprdpane sultoa (PS),
etc®® have been examined as the electrolyte additives improving the electrodienaerte in

Li-ion batteries. To date, the deficient number of studies on electrolyte additives for PIBs have
been reported. VC and FEC are most widely implemented in the-imetahtteries over last two
decades. A small FEC concentration (<2 wt%) was @xaanin K cells with PBA cathode since
PBA electrodes exhibit large irreversible capacity in a K cell at high potéffiat8 The FEC
addition enhances the CE values from <60% up to 90%, albeit this ircréasesll
polarizatio*4%. Furthermore, the elaborated cycle performance is reported owing to suppressec
irreversible side reactioffs® However, FEC stimulates the electrolyte decomposition and other
side reactions at potentials below 2/¥K*/K resulting in larger electrode polarization and fast
capacity fading in PIB$® The poor published data provokes the meticulous study of effective

electrolyte additives for PIBs

Concentration effect

The use of highyl concentrated electrolytes ( >3 M) leads to the preferential formation of stable
FSr-derived SE1":"48%87 The reversible dendritieeeplating/stripping of a Kmetal was reported

in [5 M KFSI/DME] electrolyte solution owing to FSderived surface filnfS. Fan et al.
demonstrated the advantages of concentrated-le#ised electrolyte [3 M KFSA/DME] over
conventional carbonateased electrolyte [0.8 M KRIEEC:EMC(1:1,v:v)] for the anodes based on
carbon with oxygen defeéfs 3.9 M KFSI/DME electrolyte provides the stable cycling of graphite
anode in a K haitell and K full cell with PBA positive eleade’. The K halfcell delivers a
specific discharge capacity value of 260 Hi4y' * and high initial CE value >80%.

The 3 MKFSI/DME electrolyte enables prominent cycle stability without significant capacity loss
over 14000 cycles at high current density of 2000 lghA (Figure2.5a), while [0.8 M
KPFR/EC:EMC(1:1,v:v)] electrolyte with conventional concentration delivers pogadaity
retentions of <50% within 500 cycles. XPS characterization of formed surface layers reveals the
different SEI composition depending on the electrolyte choice. FRGlee illustrates the high
resolution C1s, Ols, S2p, and N1s XPS spectra of therc@lectrodes retrieved upon 50 cycles.

In concentrated ethdrased electrolyte [3 M KFSA/DME] the electrode surface is primarily
composed of inorganic salts derived from 'F&hions. The S2p and N1s spectra indicate the
presence of KSQs-, K>S-, and Ncontaining products originating from KFShlt decomposition.

Al t hough the Cls XPS spectrum demonstrates

to the DME decomposition. The broad peaks assigned to KHRGITOOK, >C=0/kCOs, and
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C1 O1 C b on dwedfa theeelectrbdescycled in [0.8 M KPEC.:EMC(1:1,v:v)]. The Ols
XPS spectrum supports t he -Kparisng fFomcEEC ammfEMAR OT
decomposition. These variety in SEI formation is likely due to the different reduction potentials of

sals and solvents (KFSI, DME, KRFEC, and EMC).
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Figure2 5. a) Cycle performance of the carbonaceous electrode in K cell with [3 M KFSI/DME]
at 2000 mAg' ! current density; b) highesolution C1s and d) O1s XPS curves of the carbonaceous
electrode retrieved upon 50 cycles in K cells with [3 M KFSI/DME] or [0.8 M
KPR/EC:EMC(1:1,v:v)]; e) highresolution S2p and f) N1s XPS curves of the carbonaceous
electroddn K cell with [3M KFSI/ DMEF®.

Remark on HOMO-LUMO Notation concerning electrolyte stability
A prevalent number of publications in the matal battery literature associate the energy

difference of unoccupied molecular orbital (LUMO) and highest occupied molecular orbital
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(HOMO) of the solvent to the electrochemical stability window. This widespmisconception
implicates that the electrolyte is reduced at electron energies higher than LUMO and the electrolyt:
is oxidized at electron energy levels lower than HOMO. However, electrolyte stability is much
more complex issue, concerning not only teéox potentials of the solvent, but also both other
reactions of electrolyte solution components and the surfaces of the electrode materials.

Peljo et al. elucidated that the HOMQ@UMO concepts in terms of electrochemical stability
window should be avided®. The HOMO and LUMO notation is deduced from approximated
electronic structure theory considering the electronic properties of isolated molecules. Hence, thi
energy levels of HOMO and LUMO do not correspond to the electrochemicatipts®f species
participating in sophisticated reactions during the battery operation. By contrast, electrochemica
potentials are connected to the Gibbs free energy difference of the products and reactant:
Figure2.6 illustrates the importance of thenaparison of the Fermi levels for the electron in the
electrode and in solution for the redox couples restricting the stability of the electrolyte. The bright
example is the case of pure water, in which the redox couple for the reductigVis ldnd that
for oxidation Q/H20 that limits the electrochemical stability window to 1.23 V insteaeBof V

derived from electronic structure theory and corresponding to the water b&Ad gap
A LUMO
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Figure2.6. Notation for the negative and positive potential limits indicating the electrolyte

stability and the energy levels of HOMO and LUMO suggested by Peljé%t al.

Negative electrodes for PIBs

Generally, the widéiversity of materials (carbonaceous compounds]l&ying materials,
oxides, chalcogenides, polyanionic compounds, and organic materials) are reported as the negati
electrode for PIBY. However, the carbonaceous materials attract most research interest as
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negative electrodes for PIBs due to delivering high specific discharge capatisgs, the
feasibility for fast reversible Kion (de)intercalation and the simplicity of production methods.
Graphite

Graphite consists of stacked graphene layers bonded by weak van der Waals interactions. Tt
carbon atoms within the layer forplanar hexagonal structure with?dpybridization (Figure
2.7a,c). The stacking sequence of graphene layers displays an ABAB order alomagitheith

an interlayer distance of 3.354 (Figure
surfacearea value of <20 fig™.

The graphite electrode exhibits the reversible intercalation *eibis in K cell$>#9%C The
observed reversible capaci t'ycowveapondtoshe theoreticah e
capacity of 279 mAh'g assuming the formation of K@ntercalation compound. Ganostatic
chargedischarge curves exhibit the stepwise potential changes indicating the stage transformatiol
of potassium intercal ated graphite host. Ge
the forming graphite intercalation compourfd&s1 Cs ) : ndt e s $ grahgstage witht h e

anumbenof graphene | ayers between the two cl o
of reduction/oxidation peaks are obtained at 0.14/0.29 V, 0.20/0.46 V, and 0.28/0.58",Kvs K
respectv e | y at the differential chargeidischa

processed (Figure 2.7e). The stage 1 KGtructure is apparently formed at the end of the
reduction procesd®*%and is illustrated in Figure 2.7b,d. During Kion insertion between
graphene layers the stacking sequence alters into A|A for the intercalated sheets accompanied
the increase in the interlayer distance up3a 3% KCspossesses the orthorhombic symmetry
with the layer sequencelADBAJAUA along thec-axis, whereU, b, 9, andii denote the K layers

with the identical K-ion distribution within the plane but with a different stacking order (Figure
2.7d).
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LIFSI/EC:DEC (1:1, v/v; red curve) and K cell with 1 M KFSI/EC:DEC (1:1, v/v; blue curve) at
a current density of 12.4 and 9.3 bg” respectively’

Operando XRD measurements reveal the transformation sequence of potassiunmitithGhe

K*-ion intercalation in graphite in the estmsed electrolyte impliedr aphi te Y di
stacked high stage (k§) Y s t-stape3L&KGs/KC2s) Y st agedKeh ( ) st
1 (KCs). The reverse kion deintercalation occurs in adstage 1 (K§ Y st age Y2 (
(stage 2L (KGJ/KC28) ) Y st agkCs)3 LY (KtCa g/ECset LYK@Gi sor der |
high stage (KG) Y gfaphidedenotldketohei Bltirdgwiud i on
graphene layer@mplying the absence of vigie K atomsordering in the (a,bplang. Figure2.8
illustrates the scheme of the proposed graphite structure evolution. Flom khtercalation
process starts with the formation of disorderly stacked high stage with the approximate
composition~KCoge by gliding of graphene layers to approach AJA or B|B stacking. FR8re
depicts the resulted graphite structure as stacked emptiyladéhterlayers according todorffi
Hofmann modét. Probably, at this stage*Kons heterogeneously accommodate positions into
the graphite framework constituting ldlggootassium GICs layers with the disordering along the
c-axis. Further K intercalation produces stagesi&L, comprising potassium GICs with the
variable composition in the range of K&KCszs. The difference in stacking sequences between
even and odd nmbered stages during subsequeftidf insertion is described by the Daufinas
H®old defect notation. The domains of 4L and 3L stages coexist and are separated by & Dauma:
H®old wall (Daumat H®&old type defect) as a domain bounddnBo, the phase transition
proceeds like a singiphase reaction via migration of the Dauirtd®old walls which separate
multiple domains (Figur@2.8). The increase of accommodated potassium atoms results in the
appearance of the stage 2L (including stage 2) that coexists with stageh&_compositional
range of KGel KC24. The most of the Daumiad®old defects vanish with the formation of a single
phase of 3Bordered stagd& KCg at the end of the intercalation process. Notably, the reverse
deintercalation process is accompanied bygformation from stageé KCsg into stage2 KCig
preserving the ordering within plane.

The utilized electrolyte solvents affect the potassium GIC evolution during (de)intercalation
processe<x situXRD data of the K-ion (de)intercalation into graphitesgltrodes in K cells with

dilute ethetbased electrolyte solutions unveiled the intercalation of solvatedoms. The
transformation sequence ocCcCuw) sSYi Bt BhKC)BY ( &KC
stage 1 (K@) during the reductiomprocess (corresponding to the intercalation) and vice versa
during an oxidation process (the deintercalatfori)loreover, the observed enhanced interlayer
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Figure2.8. Scheme of the plausible phase evolution of graphite durfrgrK(de)intercalatio??

(red and dark blue arrows denote intercalation and deintercalation respectively).

Predominantly, the electrochemical performance of the graphite electrode depends on the electro
and electrolyte compositions, on particle morphology, and on the intatisictural properties.

For instance, reduced initial Coulombic efficiency values in the range -6D%0 arise from
electrolyte decomposition until the formation of a stable SEI on electrode. The formation of
resistive films on the graphite surface resiuitgapacity degradation during cycles. In addition,
graphite electrode suffers from exfoliation of layers accompanied by significant electrolyte
decomposition in K cell with the RBased electrolyté However, the proper electrolyte choice
might overcome these obstacles. For example, the usagelmdded electrolyte solutions instead

of PGbased ones does not lead to the peeling off of graphene®fayenshermore, the enhanced

CE values (>80%) ofiraphite electrodes in K cells with elaborated electrolyte solutions at first
cycles are reportég*4°7:89.94

To date, high CE values and excellent cycle stabilities have been observed in following electrolyte
solutions: [1 M KFSI/EC:DEC (1:1 vAM], [7 molkg! KFSI/DME]?’, and
[KFSl:ethylmethylcarbonate (EMC) (1:2.5, molar ratfa)] Convenional carbonatdased
electrolyte solution [KP#EC:DEC (1:1, v/v)] could be used to electrochemically examine
carbonaceous electrodes ianketal cell$?. However, the high impedance value in a K cell with
[0.8 KPR/EC:DEC (1:1 v/Vv)] electrolyte solution is reportedrhe utilization of KFSI electrolyte

salt in the mixture of EC:DEC(1:1, v/v) compared to KBRd KTFSI is more beneficial to achieve
better cycle stabili}’. The graphite electrode in etHesised electrolyte ([1 M KRIOME]Y)
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instead of carbonatdohsed one exhibited the lower impedance values.f@imation of GICs
during cycling in ethebased electrolytes differs from those observed for potassium GICs in
carbonatébased electrolytes. Notably, only highly concentrated dihsed electrolytes such as 7

mol kg! KFSA/DME®’ facilitate the reversible (de)intercalation of desolvatedidfs into
graphite structure. On the other hand, bothdfs and electrolyte $eent molecules are inserted

into graphite framework in dilute ethbased electrolytes such as 1 M potassium
trifluoromethanesulfonate (KOTf)/diethylene glycol dimethyl ether (diglyfend 1 M
KPFR/DME.

Constituents of electrode composite such as a binder and a conductive additive also influence tt
electrochemical properties of graphite in K cells. The utilization of sodium polyacrylate (PANa)
and sodium carboxymethylcellulose @SMC) results in the enhanced CE values (79 and 89%
respectively) in K||graphite cells compared to the CE value of 59% foonaentional
poly(vinylidene fluoride) (PVdF) bind& The deteriorated performance of graphite electrode
with PVDF binder might originate from incomplete and unstable surface passivation or from
insufficient mechanical strength against larggume changes during cycling. Beltrop et al.
demonstrated the CE value of 81.8% at the first cycle in K cell with graphite electrode comprising
Na-CMC binder and excellent stability during subsequent c¥tles

Furthermore, the reported large reversible capacityed® exceeding the theoretical capacity
value of 279 mAh ¢ originate from the contribution of the carbon conductive additive. Xing et
al®® demonstrated that the carbon black electrode (Super C45, Imerys Graphi@agbon),
comprising 10 wt % of N&CMC as a binder, delivered reversible capacity values of 268 mAh g

at the first cycle at the current rate 27.9 niA @he capacity value is reduced to 235 mAhai

the 100th cycle upon subsequent cycling at theeatidensity 279 mA'd. The carbon black
electrode delivers low initial CE values (47.6% for Super C45, Imerys Graphite and ¥arbon
20% for carborblacklike material exhibiting an onielike structuré®) owing to its large surface

area and, hence, amplified electrolyte decomposition. Nevertheless, carbon black additior
improves the cycle stability of a graphite electrode since it serves an electric comdgetint
between the active material particles duringi&h (de)intercalation that is accompanied with the
huge volume changes. Thus, optimization of the electrode composition is required to achieve
good cycle stability and high CE values of a grapHeeteode in K cells.

The graphite particle morphology tunes its electrochemical performance in ¥.cetls smaller
particles (30m) with higher surface area values promote the electrolyte decomposition resulting
in reduced CE value of 60% compared to largetigas (the CE value of 76% for particles with
both sizes 1%0m and 300m)*. Whereas, the initial capacity value of 240 mAR gmains

independent from particle morphology. Remarkably, the increase in the capacity retention value:
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from 85% to 96% upon 30 cyclésachieved by the utilization of the smallest graphite particles

(3 Gm).

The structural properties of graphite also influence its electrochemical performance intK cells

Graphite with a small interlayer distanceoyl of 3.

355

del

i ver s

t

t

The capacity retention is decreased in the interlayer distance order 3.355,a3rB60, 3. 3 6 6

Hence, the graphite structure with an average small d002 is more favorable for reversinle K
(de)intercalation at room temperature. Tahl@ summarizes the electrochemical properties of

graphite electrode in K cells with various electtel

Table2.3. Summary of the electrochemical properties of graphite negative electrodes

bistrifluoromethanesulfonyl
imide (PyisTESI) + 0.3 M
KTFSI + 2wt.%
sulfite (ES)

ethyleng

Electrolyte Binder Specific Coulombic Reference
capacity, efficiency, %
mAhlg'!

0.7 M KPR/EC:DEC (1:1,/| NaCMC 280 (C/10) |92 44

vIv)

1 M KFSI/EC:DEC (1:1 viv)| PVDF 240 (C/10) | 60 %0

1 M KFSI/EC:DEC (1:1 W) | PAN 240 (C/10) |88 %0

0.8 M KPR/EC:DEC (1:1| PVDF 240 (C/10) |42 %0

vIv)

1 M KTFSI/EC:DEC (1:1 PVDF 240 (C/10) | 49 %0

vIv)

1 M KOTf/diglyme PVDF 105 (C/10) | 79 92

1 M KFSI/EC:DEC (1:1 v/v)| PVDF 240 (C/10) |59 89

1 M KFSI/EC:DEC (1:1 v/v)| NaCMC 240 (C/10) |89 89

1 M KFSI/EC:DEC (1:1 v/v)| PAN 244 (C/10) |79 89

1 M KFSI/EC:DEC (1:1 v/iv)| PAN 220 (15C) 89

0.8 M KPR/EC:DEC PAN 250 (C/10) |65 57

7 molkg'! KFSI/ DME PAN 260 (C/10) |81 57

KFSIEEMC (1:2.5, molal Na-CMC 250 (C/3) 60 %

ratio)

N-butyl-N-methy! Na-CMC 270 (C/27) |82 94
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1 M KPR/EC:DEC (1:1y/v) | PVDF 240 (C/12) | 47 100
1 M KPR/EC:PC (1:1, v/v) | PVDF 240 (C/12) |67 100
1 M KPR/EC:DMC (1:1, v/iv| PVDF 220 (C/10) |43 100
1 M KPR/DME Na-CMC 108 (1C) 87 97
1 M KPR/EC:DMC(1:1 v/v) | NaCMC 135 (1C) 70 97

Hard carbon

Hard carlon (HC) consists of randomly oriented small domains of graphene layers with a large
interlayer distance and nanopores between the domains. HC does not convert into graphite eve
upon annealing at temperatures O3geaphiizdb® an

carbort®%,

The Raman spectrum of HC powder (Figure 2.9a) shows two characteristic broad band:
located at ~1350 crh(D-band) and at ~1580 cHG-band).Defectfree graphite exhibits two
Ramanactive EgVibrational bands arising from the carbon atoms wighdgmmetry. Generally,
one of them, the &2 band, is typically denoted as theb@nd?2. Defects induce the appearance
of the additional Bband. The emergence of theband was initially thought to origiratfrom
disorder and symmetry reduction, that cause inactive modes becoming-Retme4>. Hence,
the D-bandintensity has been utilized to estimate the disorder degree in the hard carbon structure
However, the Eband origin is attributed to a-s@lled double resonan® but defects are still
required for the doubleesonance Raman (DRR) process. Thednd arises froma coupled
resonance beten excited electrons, phonons, and defects. The incoming laser light excites an
electron that transfers to an empty state in the conduction band, forming a hole in the valence ban
The further interaction between the excited electron and the lattideingte phonon annihilation
by inelastic electron scattering. Thereafter, defects elastically scatter the electron, transferring it t
a virtual state in the vicinity of the initial momentum, but with a slightly increased/decreased
energy. The subsequerdcombination of electron with the hole in the valence band leads to
emission of the photon with a reduced/ increased frequency. Figure 2.9b,c illustrates a scheme ¢
the DRR process.
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Figure2.9. a) Typical Ramarspectrum of hard carbon structtfe b) schematic illustration of a
DRR process and c) respective Goldstone diagram. Notably, the depicted process is not the on
possible DRR routé?

Relation betweensynthesisconditions and HC properties

The hydrothermal carbonization (HTC) technique is beneficial fomtd@rial production for the
sake of sustainable energy storage since it has advantages such as lower energy consumption :
less gas emission over pyroly$fsi®” The composition, morphology, size, and ofv@perties of
obtained HC can be tuned by adjusting reaction conditions, such as temperature, synthesis duratit
(or also called residence time), precursor material concentration, affpH

HTC implies he biomass transformation into various functional carbon compounds under
relatively mild synthesis conditions. Water acts both as the media and catalyst to facilitate the
hydrolysis and cracking of biomass. At high temperatures, water hydrolyzes orgapicuwuls,
which can be further catalyzed by acids or b¥6&%. The formation of organic acids (e.g., acetic,
formic, and lactic acids) is accompanied with the decline iavalde and contributes to the
hydrolysis with generation of smaller fragments from oligomers and monomers. The amount of
colloidal carbon particles magnifies with the enhanced reaction degree. When the temperature ar
pressure approach an appropriate level, volatile products are emittesigamic precursors are
convertedtosolidd he porosity of hydrothermal carbon
as generated gaseous products create pores host stréeuita and Fuertes have inferred the
formation mechanism can as follovw($) the dehydration and cracking, (2) the polymerization and
condensation, (3) the aromatization, and (4) the nucleation and subsequent chain préffdgation
The temperature is the most essential patamn HTC process. The increased temperature results
in the chemical bond breakage in the polymers, generation of volatile compounds and

rearrangement reactions of residues. Hereafter, the further conversion reactions of some unstal
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volatile compoundsire designated as the secondary reacfidriBhe higher temperature values
promote the enhanced product yield since tietke extra energy to destroy the biomass bonds.
On the other hand, the temperature increase often results in the reduced product yield. The orig
might be the dissolution of total organic carbon, including sugars and organic acids. Sun et al
obtained he extremely high productyields at te
Furthermore, temperature influences the particle morphology. The particles derived from cellulose
upon HTC atd ow temper ature of 160 AC resembl e
temperature up to 220 Adkepasticles’® The turther femperataré i o
increase promotes the gas product emission leading to more porestrutiiere and, hence, in

the enlarged surface area.

The HTC duration or residence time affects the properties of obtained compounds. The produc
yield declines with the increased HTC duration. Since longer HTC duration results in the
polymerization of disolved fragments in water, forming the secondary products with a
polyaromatic structur€®. Furthermore, the residence &ralso determines the particle size due to
the excessive polymerization (Figtd0). The increased HTC duration leads to the broader
particle size distributiot?. The duration time affects the reaction end point, specific surface area,
and pore volume, owing to the structural melting, elemental realignment, and shrifkage

The size of microspheres increased at higher precursor concentration when easily dissolve
carbonsources were utilized (glucose and sucrose). However, the relation between particle size
and precursor concentrations dagds on the raw material. The enhanced precursor concentrations
of cellulose lead to the smaller microsphé&tegpH-valuealso may control the particle size: the
addition of different amounts of oxalic acid>f€2O4) varies the size of HC derived from glucose

in the range of 0i®.8em!!4
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Figure2.10. Scanning electron microscopy (SEM) images of hydrothermal carbons derived from

glucose (a, c, e) and saccharose (b, d, f) upon different HTC duration: (aing) tih; (c, d)
during 24 h; (e, f) during 48'K.

Generally, the synthesis of HC proceeds via-stap heatreatment comprising ptieeating step

(1) and carbonization stepl . To approach stable and profitable cycling & Hlectrodes in K

cells, all synthesis parameters @{meating temperature ', TpH, type and concentration of
precursors, duration time, carbonization temperattiyesfiould be probed.

HC derived from various carbesources: ricestarci¥®, oak''>, wastetire rubbet', cellulosé'’,
skimmed cottoft®, potatoet'®, loofah?’, and maple leavé¥ possessed diverse morphology
(chunks; mesoporous bulk structure; crumbly chunks; chunks; tubular; mesoporous chunks
hollow tubular framework, respectively) and was examined frioK system. Figure 2.11
illustrates the morphology of obtained HC powders. None of them resemblesdheagarticles
synthesized from simple sugars such as glucose and saccharose. Table 2.4 summarizes t
electrochemical properties in K cells for HC obtained from various casborces. The cellulose

and skimmed cottederived HC electrodes deliver thetter electrochemical performance in
terms of specific capacity values and cycle stability. The former demonstrates the initial discharge
capacity value of 290 mAY' ! with CE value of 83% in a K cell with [1 M KFSI / EC:DEC (1:1,
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v:v)]*Y. The latter exhibits the specific discharge capacity value of 233ghiAkith CE value of
73 % in a K cell with [1 M KPEDME] at the first cycle.

100_nm 100 pm

ot QV -2
Figure2.11. SEM images of HC derived frorta) ricestarci®, (b) oak?>, (c) wastetire rubbet*,
(d) cellulosé!’; (e) skimmed cottori®, (f) potatoes'®, (g) loofal?® and (h) maple leavés.

Table2.4. Summary of electrochemical properties of HC obtained via different synthesis
conditions.

Carbon | Synthesis binder | Electrolyte Initial specific capacity| CE, | Refer
source | conditions mAhLg' ! % ence
T'=230/C
, _ 1.5 M KFSI/
rice- (air; 4h),
] PVDF EC:.DMC 200 (C/10) 50 28
starch | T"=1100C
(1:1, viv)
(Ar; 1h)
T'=600/C
0.4 M KPFs/
(N2, 12 h),
oak . PVDF EC:DEC 233(C/13) 56 115
T'=11001C
(1:1, viv)
(Ar; 6h)
T'=120/C
waste (H2SQy; 12 0.8 M KPFs/
tire h), PVDF EC:DEC 181 (C/10) 37 116
rubber | T"=16001C (1:1, viv)
(N2)
T'=275/C
_ 1 MKFSI/
(air; 12 h),
cellulose ) PAN EC:DEC 290 (C/12) 83 117
T"=15001C
(1:1, viv)
(Ar; 1h)
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T'=275/C
@ir: 12 1y 1 MKFSI /
air; :
sucrose ) PAN EC:DEC 240 (C/10) - 117
T"=1500C
(2:1, viv)
(Ar; 1h)
T'=9004C (2
skimmed h), Na- 1M
] 235(C/6) 73 118
cotton | T"=1200/C | CMC | KPFs/DME
(Ar; 2h)
T'=500/C
(Ar), 3M
potatoes ) PVDF 270 (C/3) 43 119
T'"'=10001C KFSI/DME
(Ar; 2h)
T'=604C
(alkali,48h) 1 MKPF/
alkali, :
loofah ) PVDF EC:.DMC 155 (C/1.5) 38 120
T'"'=1000C
(1:1, viv)
(N2; 2h)
I T1=700C 1 M KCIOs4/
maple =
P PVDF EC:DEC 283 (C/6) 30 121
leaves (Ar; 7h)
(1:1, viv)

The hard carbon microspheres are derived via the HTC of sucrode &tr5 AC f ol | |
annealingat™=1100 AC a't mle $1¢ dleetrode démbristpted e
c ur v gsK'/Kaand platea? Begidhs & 0.2/and 0.3%3K*/K during the
intercalation and deintercalation, respectively (Figure 21#2ihe specific discharge capacity
value was observed to be@@Alhlg' ! at the first cycle in K cell with [0.8 M KRFEC:DEC(1:1,

v:v)]. The substitution of PVDF binder by N@aMC improves the initial Coulombic efficiency
value from 49% to 76%4>123

under Ar

sl oping
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'Figure2.12. (a) SEM image and (b) the first three charge/discharge cycles of suteosed HC
in a K cell with [0.8 M KPE/ EC:DEC(1:1, v:v)}??

The crosdinkage process is proposed to influence the resulted HC structure. Preheating procedur
at T=2757 300 C in air |l eads to the dehydratic
resulting in the larger pores, tivecreased interlayer distance between the stacked carbon layers,
and the higher specific capacity valtiésThe carbonization of the pristine cellulose without
preheating produces the dense host with smallerspexhibiting the reduced specific capacity
values?’.

The increased carbonization temperature results in the reduced surface area, the decreas
interlayer space, and the enhanced microporeltadithe specific discharge capacity of HC
electrode in a K cell increases from 50 to 290Lhigk* with raising carbonization temperature in

the range of 700500:C (Figure 2.13d}’. The highest initial CE of 83% is attained via preheating
treatment at ' E275AC with subse'Fu&®t0AGn i ededvednet | a t
electrodé!’. Besides, good cycle stability and higher CE >99.5&oabserved upon 50 cycles
(Figure 2.13bY". HC electrodes demonstrate larger reversible specific capacity values compared
to the graphite electrode.
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Figure2.13.(a)Char geT di sc har g edervad H® @s2 705 A @)e | d futl eors e
700711500 AC and (d) capatsi A9t 3r0e0t eMQ)i owi tohf 5
binder in K cells with [1 M KFSI /EC:DEC (1:1, v:¥ff

The similar study ofarbonization temperaturé Tmpact on sucrosderived HC (T=180/C) was
conducte?”. The enhanced carbonization temperatute€Bults in the increased number of
stacking sp-carbon layers, the reduced interlayer distance, the enlarged domain size, and reduce
amount of carbon defects. Concomitantly, hydrogen contiings with annealing temperature

T" increase, while micropores expand and are closed against nitrogen and oxygen molecules abo
1100AC and agai nst h &Y The specifictsorface dearbases withalt3a0 0
significant variation in the HC microsphere size. Hence, suategeed HC after carbonization
tempeature Tin the range of 70071 1300AC possesse
micropores and smaller graphitic layered domains comprising carbon vacancy and hetero atorr
resulting in sloping potential curves and large initial irreversible capacifies increase in
carbonization temperaturd ip t o 130072000 AC |l eads to HC
graphitic planes and closed larger microptfedhe K'-ion intercalation into the large interlayer
space of defective carbon layers prevails for HC samples obtained after annealing7a@™® A C

9 0 0 A C,*-iob insertioK into the narrow spacing between graphitic planes dominates for the
HC annealed at"E 1 1 0 0 A C 3 ZTHug) edpcise optimization of synthesis parameters is
required to obtain HC material for PIBBhe analysis ofpublished data indicates the attractive
temperature range for HC powder annealing resides at1®® 0 AC1. The decr e
temperature resulted in poor electrochemical performance in K cell. Further enhanealing
temperature is undesirable owing to-ion battery development at affordable cost for the needs
of stationary energy storage. Thus, 1200AC
conditions of HC powder.

Mechanism of K*-ion storage in HC

The K'-ion storage mechanism identification in HC host is sophistiaaténg to the diverse
variety of structures obtained via different synthesis conditions as described above. HC consist
of abundant defects, edges, functional groups, randomly stacked graphene layers, and a lart
amount of nanopores, that provide actiterage sites. Various storage scenarios have been
proposed, involving adsorption on defects, edges, and functional groups; intercalation betweel
sp’-carbon layers, and filling into nanopores (FigRrg4)25 127,

Generally, defect/ heteroatom adsorption mainly cpoeds to the slope capacity fofK

ion storage, while pore filling process is responsible for the plateau region at the charge/discharg
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profile. The filling of enough large Kions into the pores results in a stronger coordination"of K
ions with pore walls, resembling the intercalation ofiéhs in graphite. Furthermore, thé-fon
intercalation between graphene layers significantly contributes to the plateau region. Hence, twt
main mechanisms have been considered to influence thielemical performance of batteries:

a surfacenduced capacitive process and diffusmntrolled intercalation proce$g'?’. The
contribution of surfacénduced capacity increases with a higher specific surface area, that might
be achieved by reducing the siz& axtive materials or introducing a porous structtrr&®
Therefore, the HC structure is adjustable to maximize th&ibation from the selected storage

type depending on synthesis conditions.

Intercalatlon 2

between graphene layers ~ \a Qo
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H N //O ¢
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Figure2.14. Schematic of the mixed mechanismddfion storage for (a) HC obtained from-Al
based MORF?® and (b) sucroseerived HG?".

Herein, in this thesis HC is selected as the negative electrode due to its ability to sustain fas
and reversible Kion intercalation required for stable performance of B¥8$° compared to
graphite which experiences a large volume expansiofi-system&® and, therefore, could not be
implemented in PIBs despite its potential simipfitor further examination. However, HC reveals
reduced Coulombic efficiency at the first discharge cycle and significant irreversible capacity loss
(ICL) in the course of further electrochemical cycling, which both prevent prosperous
commercialization oPIBs!!"123128 High ICL accompanied by low CE originates from irreversible
reactions thiacould be assigned to poor or unstable SEI. A uniform and elastic SEI might suppress

the capacity decay and prevent irreversible side reactions

SEI formation/composition on HC in different electrolytes

The electrochemical performance of anodes in PIBsmigs on solubility, uniformity, and"kon

conductivity of SEI layers formed in the different electrolytes. The choice of electrolyte
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components determines the products of salt and solvent decomposition, the resulted SEI laye
composition and, thereby, sit properties. To date, the reported literature covering the
characterization of SEI formed in"Hon systems is limited.

The SEI layer formed on celluloskerived HC in a K cell with [1M KFSI/PC] was characterized

by hard Xray photoelectron spectroscopy (HAXPS) and twhdlight secondary ion mass
spectrometry (TORSIMS)YY. Figure 2.15a shows the C1s HAXPS speutrof HC electrode
retrieved upon 10 cycles delivering the specific discharge capacity value of 2hfgrhand the

CE value of 84%. The obser »@@Oip;@kKEk sT @ =0)it,

T OC(=0) 01 bonds i ndi c at ibomatestahdealkgxides, sdeentc €C o
decomposition. The Fls spectrum displays
originating from the FSIT anion decompositi

ascribel, tinS®6AQandKS, supporting the formation of the anidierived SEI

film (Figure 2.15c). The presence of peaks correspondind @n® KS, are reported to be
characteristic of anicderived SEI layers formed in the highly concentrated T&Sd FSibased
electrolytes inLi*-ion'*® and Nd&-ion'3132 systems.Good electrochemical HC behavior is
tentatively attributed to the prevailing contribution of the fe®ion decomposition products in

the SEI formation that is consistent with other reported excellent performances of negative
electrodes in K cells with KAShased electrolyte solutiot{$®8®

The TORSIMS measurements mainly reveal the presence of inorganic fragments {©,ganK

KF) owing to highe solubilities of the potassium organic compounds (e.g., potassium alkyl
carbonates and potassium alkoxid¥s)rhe schematic composition of SEI layer formed in K cell

is presented in Figure 2.15d. In the K cell, the SEI film comprisemtiee and outer layers. The
former contains both organic and inorganic species, while the latter mainly consists of inorganic
species. The comparison with SEI layers formed it &hd Na-system&'’ unveils different
surface chemistries depending the alkali metal ion. Hence, the optimal combination of salts,

solvents, and additives should be unique for successful surface passivatieomskstems.
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Figure2.15.a) Cls, b) Fl1s, ¢) S1s HAXPS spectra of HC electrani@ d) the schematic
illustration of the SEI composition formed on the HC electrode cycled in K cells with [1M
KFSI/PC] at the potetK¥al range 2.070.002 V

Hard carbon

The rigorous comparison of surface layers formed on liglenved HC in four different
electrolyte solutions [0.8 M KRFEC:DEC(1:1,v:v)], [1 M KFSI/ EC:DEC(1:1,v:v)], [1 M KRF
DME], and [L M KFSI/ DME] was conducted by Wu, et'3l. The surface chemistry
characterization was performed by using XPS and -hegblution transmission electron
microscopy (HRTEM).

Figure 2.16 illustrates ehXPS analysis of HC electrodes cycled in four electrolytes. The
C1s XPS spectra of all samples exhibit peaks correspondingCtosKRCOOK, GO, G C, G H
bonds. €C and GH bonds correspond to the?sgarbon content in the SEI layer. The peaks
referring to the €O, C=0 bonds, and K salt are observed in the O1s XPS spectra. However, the
peak corresponding to ROOOK only emerges in carbondtased electrolytes, while peak
attributed to ROK appears only in ethdrased electrolytes. The Fls spaadf HC electrode
cycled in KPk-contained electrolytes display peaks correspondingRéKK«PO,F,, K-F bonds,
while the F1s spectra of samples cycled in kb&ed electrolytes contains only peaks attributed
to -SOF and KF bonds$®3.

The electrolyte solution structure adjusts the reduction potential of its components. The
electrolyte constituents should decompose in the ordsk, EC, DEC, DME, PF, thus,
contributing to the SEI formatid#f. The higher reduction potential of F8ian DME, results in
the highest KF content ratio in [L M KFSI/DME]. Furthermore,-F8lions might suppress the
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DME decomposition by surface passivation and, thereby, preélerreaction between solvent
molecules and bare electrode. Th®R content arising from DME decomposition decreases after
substitutionof KPEwi t h KFSI i n the electrolytesnons ndi
over DME decomposition (Figar2.16). The suppression of solvent decomposition is also
observed in carbonatmsed electrolytes utilizing KFSI salt leading to the’F®fived SEI
formation. In contrast, the formation of unstable organic SEI film likely originates from the

primary solhent reductiof®.
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Figure2.16. Cls, Ols and F1s XPS spectra of HC electrode cycled in four electrolyte séfdtions

HRTEM combined with selected area electron diffraction (SAED) techniques reveals the
distinction in HC electrodes cycled in four electrolytes in terms of the passivated film thickness,
interlayer spacing, and graphitization degree (Figure 23 The thickest SEI layer is evidenced
on HC surface in [0.8M KRFEC:DEC (1:1, v:v)|(Figure 2.17a)The SEI thickness decreases
for HC electrods retrieved upon cycling in [1 M KFSI/ EC:DEC (1:1, v:v)] and [1 M KFSI/ DME]

(Figure 2.17b,d)Remarkably, roughly no SEI formation is detected in electrolyte comprising both
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KPFs salt and DME solven(Figure 2.17c) In [0.8M KPR/ EC:DEC (1:1, v:v)] theSEl
composition mainly consists of organic compounds such as@CBOKY) arising from EC
decomposition. The substitution of KPKith KFSI in carbonatdased electrolyte results in the
predominant content of KF owing to FSHecomposition, followed by (CIECOOK) and
C2HsCOOK from EC and DEC decomposition, respectively. While in [L M KFSI/ DME] only
electrolyte salt contributes to the SEI film with a higher KF cor(téigiure 2.17d)

{(101) ; el = - (101)

s (002)

{101)

— (002)

Figure2.17. HRTEM images of H&lectrodes after 5 cycles in a) [0.8 M KPEC:DEC (1:1,
v:v); b) [1 M KFSI/ EC:DEC (1:1, v:V)]; €) [1 M KP#DME]; and d) [1 M KFSI/DME}3

The measured interlayer distance in typical selected areas of cycleddayiied HC
indicates the smallest spacing in the range ofi3l&5; f or t he el [@8VtKPR/de
EC:DEC (1:1, v:v)]. Whereashe largest graphitkke nanocrystals are preserved (Figure 2.17a).
The bright and sharp diffraction rings in its SAED pattern indicate the higher graphitization
degreé®. Hence, HC cycled in carbonatased electrolyte with KRFsalt maintains the most
layered structure, implying the intercalation of desolvatéibKs through organic SEI instead of
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chelated K(EC). In contrast, HC anode upon cycling in [IM KPBME] shows the largest
interlayer distance, probably owingdo-intercalation of the solvated"®DME)a.

The XRD data indicate thahe ligninderived HC undergoes smaller volume change in
KFSI-contained electrolytes than in KRBased counterpatf8. Compared to the HC before
cycling (4.04 j),spheiogbcehhnedeavenagbéedo
for anodes cycled in [0.8 M KRFEC:DEC(1:1, v:v)], [1 M KPR/ DME], [1 M KFSI/ EC:DEC
(1:1, v:v)}, and [1 M KFSI/ DME], respectively.

The highest initial CE value of 76% is observed in K cell with [1 M KERME] whilst K
cell with other electrolytes exhibit the initial CE value in the range €62%. However, the worst
cycling stability is evidenced for HC in [1 M KRFDME]. HC shows rapid capacity decay, and
the cell dies after 40 cycles. On the contrary, K cell with [1M KFSI/ EC:DEC (1:1,v:v)] delivers
the best performance over 550 charge/discharge cyiieight beattributed to the Kfbased SEI
formation and sufficient solvation of'dons by EC molecules. The SElI film with high KF content
might effectively separate the HC surface from the organic solvents, suppressing further solven
decomposition Moreover, sincé=Sr-anions reduction occurs before EC, K ions have enough
number of EC molecules to complete the solvation, thereby, preventing the SEI from being
corroded by bare Kions. In addition, EC molecules have steric hindrances-tnteccalate into
HC host conpared to linear smaller DME molecules. Figure 2.18 depicts the summarized scheme
of SEI formation and degradation mechanisms in four different K electrolytes proposed by Wu, et
al1®,

The properties of formed SEI layers have crucial impact on battery performance. They may
both promote or suppress the continuous decomposition of electrolyte components, electrod
deactivation €.g, exfoliation, pulverization) and, thus, drastic cell degradation. Hence, the choice
of appropriate salt and solvents play a vital role in PIB development. Notably, the implementation
of electrolyte solutions utilized in L4 and N&d-sysems is not suitable due to different surface
chemistries as it was mentioned above. To date, the reported studies concerning the evolution
surface layers in PIBs are limited. Besides, other approaches such as electrolyte additives and s
concentrationncrease are anticipated to examine to improve the SEI film characteristics. To sum
up, further research aiming the SEI formation on the HC surface-iorKsystems is required

since most features of processes occurring at the electrode/electrolyeeetemain vague.
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Figure2.18. The schemetic illustration dhe SEI layer formation and degradation mechanisms

on lignin-derived HC electrodes cycled in K cells with the four electrolytes

Motivation and objective

PIBs have attracted significant research interest during last decade due to its low cos
combined withcompetitive energy density characteristics compared {orLbatteries. Hence,
one of feasible PIB application relates to the stationary energy storage market that will experienc
exponential growth in coming years. However, full K cells exhibit poortreleltemical
performance stemming from electrolyte decomposition during cycling due to the formation of
unstable Solid Electrolyte Intginase(SEI) and Cathode Electrolyte Inpdrase(CEl) layers on
surfaces of negative and positive electrodes respectivelghdfmore, carbonaceous anodes
delivering high specific capacity values experience own obstacles. For instance, graphite
undergoes large volume change duririgi#h (de)intercalation process resulting in an unalterable
degradation of K cells. On the otieand, HC electrodes deprived of such challenge demonstrates
the enormous irreversible capacity loss with low CE values at the first cytledeteriorated
performance of HC electrodes in K cells during first cycles arises from continuous reduction of
electrolyte components since the deficient surface passivation or surface film cracking leads to th:
presence of bare spots on electrode that are available for further interaction with electrolyte.

One approach to improve the stability of SEI/CEI layers ayeling is to tune electrolyte

composition. But the examination of a wide variety of electrolyte solutions has limitations. Despite
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the published advantages of KF&intained electrolyte utilization with carbonaceous negative
electrodes, they still sufférom aluminum current collector corrosion. This is impermissible for
the prosperous elaboration of K full cell with further PIB commercialization. Henceg KPF
electrolyte salt providing the aluminum passivation is used in present research. Otherstategie
develop new generation electrolyte for PIBs comprise solvent change, the enhanced sal
concentration, and the utilization of electrolyte additives. Herein, all these approaches are
explored. Diglymebased electrolytenight expand the solubility of KRfsalt. So, the research
objective aims to examine the impact of KR¥&alt concentration on both positive and negative
electrode performance in K cells utilizing diglyrbased electrolyte solutionsluoroethylene
carbonate (FEC) and vinylene carbonate X\@@ditives (popular electrolyte additives inion
batteries) are also tested. The main objective of the study is to probe the formation of surface film
on HC electrode using scanning electron microscopi@yXphotoelectron spectroscopic, in situ
atamic force microscopic, and various transmission electron microscopic techniques. The obtainec
results might assist in the design of full K cklbreover, the synthesis conditions tune the resulted
hard carbon propertiess negative electrode for PIB3erce the optimization of HC preparation
technique to attain lower irreversible capacity loss during cycling is also required.

Therefore, the present research aims to elaborate the electrolyte solution for PIB with super!
electrochemical performance via tugirts composition and probing the surface layers formed on

electrode surfaces.

60



Chapter 3. Methodology and techniques

Synthesismethods electrode and electrolyte preparation procedures

KMFCN

K144Mn(Fe[CNJ)oo® 0.4H,0 (KMFCN) was prepared by precipitation method 4 mmol
of KsFe(CN)} (Ruskhim, >98%) was dissolved in 160 mL of saturated KCI (Sigma Aldrich,
>99.5%) solution at room temperatulemmol of MnChk3 4H,O (Sigma Aldrich, >99%) was
dissolved in 80 mL of water. Then, the solutions waoevly mixed together dropwise under
magnetic stirring. The obtained white precipitate was aged for 4 hours, centrifuged, washed witt
deioni zed water and dried overnight at 100
KVOPO 4

KVOPOs (KVPO) was prepared by thermal decompositiorhpdirothermally synthesized
Ks(VO)(HV203)(PQu)2(HPQy) ( = BSHK3WAWOB D p r2eFost, MOs¢SigmaAldrich,
>99.6 %), KHPQy (SigmaAldrich, >99 %), kHPQ, (SigmaAldrich, >99 %) and oxalic acid
(SigmaAldrich, anhydrous >99 %) were dissolved in 30 ml of deionize@ Hnder vigorous
stirring at 25AC according to the following

V205 + 3KH2POs + 3KoHPOy + 1.5HC04 + 300H0

Then the mixture wasdnsferred to a 50 ml Tefleined stainlessteel autoclave, sealed
and kept at 160Aw for 16h undag&¥3HOprecarsosveas s t |
washed with water and acetone and heated up
by quenching to room temperature to yield KVQP®@o0 obtain a carbenoated KVOPQC
composite for further electrochemical measurements, KVORE3 ground with 12.5 wt.% D
glucose and heated to 650AC (3A/ mi nonrcenterd ) i
was determined by thermogravimetric analysis to be approximately 5 wt. %.
Hard carbon

Hard carbon (HC) microspheres were prepared via a hydrothermal method-jorodSe
(Sigma Aldrich, >99.5%) followed by pyrolysis. The mixture of 9 g efjlDcose and 0.1 g of
pectin (Souzopttorg, ARA104) was dissolved in 25 ml of deionized water and placed in a
hydrothermal autoclave reactor with addition of 2 ml polytetrafluoroethylene solution (PTFE:
Sigma Aldrich, 60 wt. % dispersion ire@) or 0.5 g of citric acidCeHsO7* H2O (Ruskhim, 999).
The hydrothermal carbonization (HTC) was carried out at temperatard B0 AC or 200
residence time was applied from the set of (8h; 16h; 24t&: the hydrothermal synthesis, a dark

1 Batch of K 44aMn(Fe[CNJ)og® 0.4H,0 powder was synthesized by Dmitry fasov and Polina Morozova

2 KVOPO,was synthesized by Nikita Luchinin and Stanislav Fedotov
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precipitate vas obtained. The powder was centrifuged and washed with deionized water severa
times, dried in air and annealed in a tubular furnad@at 2 0 Oo rA C1 5d B RAiCflowing
Ar.

Electrode preparation

The KVOPQ/C (KVPO) powder was mixed wittSuper P carbon (Timcal) and
polyvinylidene fluoride (PVDF: Sigma Aldrich) in the 60:30:10 mass ratio and afterwards-with 1
methyl2-pyrrolidinone (NMP: Acros organics, extra pure, 99%) in a SPEX 8000Mdmnegingy
ball mill for 5 min. The resulting electredslurry was spread on carbooated aluminum foll
( MT1 , 18 em) and subsequently dried at 60AC
vacuum overnight. The same electrode preparation technigue was applied to the
K1.4aMn(Fe[CNJ)o.¢* 0.4H.0 (KMFCN) and HC powders while using a different electrode slurry
composition (KMFCN: Super P carbon: sodium carboxymethyl celluloseCid@: Sigma
Aldrich) = 60:30:10, mixed in deionized water and HC:Super P carboi€Mi@ = 80:10:10 in
water, respectively)The electrode loading for KVPO was in thenge(1.4-1.8 mdcm?), for
KMFCN - in the range (1.2-1.9 mglcm?); for HC 7 in the range (0.6-0.9 mglcm?) for
electrochemical measurements in K half cells
Electrolyte preparation

The carbonatebasedelectrolyte solution was prepared by mixing ethylene carbonate (EC:
Sigma Aldrich, anhydrous, 99%) and diethyl
in the corresponding volume ratio, holding overnigheroactivated molecular sieves (Sigma
Al dr i c B,mesh). The KP&electrolyte salt (Acros organics, extra pure, 99%) after drying
at 60AC under vacuum was di ssol vebdsedetectrblytee m
0.5M KPFs in EC:DEC (1:1 v:v). Vinylene carbonate (VC: Sigma Aldrich, 99%) and
fluoroethylene carbonate (FEC: Sigma Aldrich, 99%) were dried with activated molecular sieves
overnight. The appropriate amount of VC was added to the prepared solutions to achieve 1, 2 ar
4 wt.% concentrations. The same procedure was performed with FEC to attain 5 and 50 wt.% ir
0.5M KPFs in EC:DEC (1:1 v:v).

The KPF electrolyte salt (Acros organics, extra pure, 99%) after drying AC 6®der
vacuum was dissolved in diethylene glycol dimethttiee (diglyme, G2: Sigma Aldrich,
anhydrous, 99.5%) to achieve concentrations of 1, 1.5, 2, and 2.5MitlKBR. An increase of
the KPF concentration over 2.5M resulted in Amansparent solutions indicating a solubility limit
for KPFs in G2. The appropriate amount of VC was also added to the preparedbatest

solutions to achieve 0.5 and 1 wt.% concentrations.
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All produced solutionsvere transparent with less than 30 ppm of residual water measured
with a coulometric Karl Fischer titrator (Mettler Toledo).

Characterization methods

Raman spectroscopy
In order to study the electrolyte solution and hard carbon structure, Raman spegtroscop

measurements were conducted on a DXRxi Raman imaging microscope (ThermoFisher Scientific
equipped with a 10X optical zoom and green sstate laser (= 532 nm). The laser spot diameter
was about Em. The spectra were measured for 50 points witlser lpower of 10 mW and 0.5 s
exposure time in the 368600 cm' range (2 crit spectral dispersion).
Thermogravimetric analysis

The thermal analysisvas carried out with a T®SC STA449 apparatus (Netzsch, Germany)
under dry air flow. The powdemsere heated at-50 K/min rate inthe 26 00 AC t e mp e |

range.

Specific surface area measurements
The specific surface area of HC powders daterminedusingBrunauer Emmeti Teller (BET)
method. BETspecific surface area (S&#) was measuretly N> adorption technique with a

Quantachrome Instruments NOVA surface area and pore size ahalyzer

X-ray Powder Diffraction (XR PD)

X-ray powder diffractior(XRPD) patterns were collected using a Bruker D8 ADVANCE
diffractometer (CeKy radiation).In order to perform XRPD measurements under Ar, the cycled
electrodeswere placed ina special cuvette for Bruker D8 ADVANCE diffractometer in the
glovebox. The background from the observed diffractograms is substracted using WinXpow
software.The unit c parameters oKMFCN andKVPO were refined using the Le Bail method
implemented in the JANA206® program package. The background was estimated by a set of
Chebyshev polynomials, followed by the refinement of the cell parameters and the peak shape
with a pseudé/oigt function.The KVOPQ andK M F Cstfuctures are preserved after 30 cycles

in all used electrolyte solutions.

Scanning Electron Microscopy (SEM)

The morphology and particle size of the electrode materials were investigated by scanning
electron microscopwith a ThermoFisher Quattro S FESEM. In order to probe the SEI layers
formed on HC negative electroddse tsamples were transferred to the SEM chamber from-an Ar
filled glove box (MBraun) with a Kammrath & Weiss transfer module precluding contact with air.

3 Thermal analysis was performed by Dmitry Rupaans Stanislav Fedotov
4N adsorption measurements were conducteddin® Morozova
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TransmissionElectron Microscopy (TEM)

The samples for transmission electron microscopy (TEM) were also prepared iffillezlAr
glove box by gently grinding the electrodes in an agate mortar and dipping the lacey carbon Cu
supported grid into the electrode mass. The samples weséemaal to the TEM column with a
Gatan vacuum transfer holder. High resolution TEM {HRV) images, high angle annular dark
field scanning TEM (HAADFSTEM) images were taken with a Titan Themis Z transmission
electron microscope operated at 120 K&lectron energy loss spectra (EELS) were measured in
a STEM mode (STEMEELS) with a GIF Quantum ER965 with 0.17 eV energy resolution
according to full width at half maximum of the zdoss peak. Energglispersive Xray spectra in
the STEM mode (STEMEDX) were taken with a Sup&¢ EDX system.

X-ray PhotoelectronSpectroscopy(XPYS)

The HC electrodes were retrieved from the two electrodalKcells with corresponding M

KPFs in G2 electrolyte solution after 1, 2, 3 and 30 full charge/discharge cycles. After being
washed in G2 in the glovebox for 1 hour to remove Kirdces, the samples were transferred to
the spectrometer using a PHI VersaProbe vacuum vessel to prevequdbere to the atmosphere.
XPS measuremeritsvere carried out using a PHI VersaProbe Il spectrometer equipped with a
monochromatic Al KJX-ray source. XP spectra for C 1s, K 2p, Na 1s, O 1s, P 2s, and F 1s were
acquired with an el 4&cV.rThenspeptra svare approgimagey with &
Gaussian/Lorentzian convolution function with a Shirley background shape using the CasaXPS
Software. Quantification of the composition was performed by taking into account the analyzer

transmission function.

Atomic Force Microscopy(AFM)

In order to condudin situ AFM measurementsthe HC powder was mixed with Super P
carbon (Timcal) and sodium carboxymethyl cellulose-QN&C, Sigma Aldrich) in the 80:10:10
mass ratio and afterwards with deionized water 8P&X 8000M higkenergy ball mill for 20
min. The resulting electrode slurry was spread on a Kapton tape and dried at room temperatur
overnight. Afterwards, the electrode was dr
electrode was delaminatérom the tape, embedded in a bisphenol A/F based epoxy resin (epoxy
resin HT2 and hardener HT2 from R&G Faserverbundwerkstoffe GmbH (Waldenbuch,
Germany)) by vacuum infusion and cured according to the specification. The sample was
mechanically polishedybsand paper and diamond paste and finally by th&@Hca suspension

(Struers), washed in deionized water and dried. After that the sample was fixed on a steel substra

5>HR-TEM, HAADF-STEM and STEMEELS measurements were conducted by Artem Abakumov
8 XPS measurements were carried ouMsnghsuarBam Pan anglizabeth Shaw
" In situ AFM measurements were performed by Sergey Luchkin
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by conductive silver paint and additionally by the TorrSeal epoxy along the periites utilized

AFM electrochemical cell was elaborated in our research gtoufigure3.1 depicts the scheme

of the AFM cell preparationmAs it was described abovédet sample (1) is embedded into epoxy
resin (2), polished/crossectioned (3), connected to the sulistkey a conductive silver or carbon
paint (4), and installed into an AFM. The cantilever is positioned above the sample (5), and the
electrolyte is injected through the tubing to form the meniscus between the sample and the
cantilever holder (6).

In situ AFM measurements were made on a Cypher ES AFM (Asylum Research, Oxford

Instruments) installed in an Ar filled glove box

Blaes ko 2 imaiikl using a liquid perfusion cantilever holder and a
TR soft PNRTR PyrexNitride Probe with 67 kHz

resonance frequency and 0.32 N/m gprin

(4) constant. Stiffer cantilevers affected SEI growth
by dragging it off from the scan area. Thin (<50
Om) K electrode serving

Install into an AFM
Electrolyte IN

Blectrolyte OUT counter electrode was inserted between the
cantilever holder and the sample, which was the
working electrodeThe cantilever was brought to

100 Om above surface.

injected between the cantilever and the sample

until it formed a meniscus between the epoxy and

the fused silica window of the cantilever holder.

l

(6)

After that the cantilever was landedch dhe
sample surface in a semicontact mode. A single
AFM scan acquisition took 340 sec. AFM slow
scan direction was from top to bottom. The cyclic
voltammetry was made by BiolLogic S50
potentiostat.

Figure3.1. Schematic illugation of AFM

electrochemical celt€,

Electrochemical measurements
For electrochemical measurements, ®lectrode Swagelok electrochemical cells with a
working volume of 9@ and glassmicrofiber separator (AHLSTROM, Munktell) were assembled

under argon atmosphere in an-flled glovebox (MBraun, HO < 0.1 ppm, @< 0.1 ppm).
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Electrochemical data were registered with a Biologic V®1pPotentiostat/galvanostat at room
temperature. The cells with three combinations of working/counter electrodes were implemented
K half-cell with K metal as the counter electrode (CE) anel@fithe prepared electrodes (KVPO,
KMFCN or HC) as the working electrode (WE); K full cell (CBhe HC electrode, WE the
KMFCN electrode); K symmetric cell (CE, WIEK metal). The cyclic voltammetry (CV) curves
accompanying with the AFM measurementswe r egi st er ed a-1.Thacyslic an
voltammetry curves K half cellswere registered at a scan rate of £80s. The cutoff current
density value was defined as 10 times the background current density constitutigg/0r68n

order b determine the oxidation potential of the Al current collector. Galvanostatic measurements
were performed with different electrolyte concentrations in K half cells and K full cells at a 0.1C
and 0.6C charge/discharge rate respectively in the potentge @rresponding to the specific
WE. In the case of full cells, the anode pyeling technique was conducted to form the stable
SEI on the electrode surface. The hard carbon anode was cycled down to 0.01/K, ¥iset up

to 2.5 V vs K/K and, finally, @wn to 0.1 V vs K/K at a 0.1C charge/discharge rate in a K half
cell. Subsequently, the poycled anode was extracted from the cell and assembled with KMFCN
cathode and fresh electrolyte in a new cell in the gloveBmtentiostatic electrochemical
impedance spectra (PEIS) were registered in the K symmetric cells at the open circuit voltage in
the 1IMHz100mHz frequency range with 5 mV pefak peak alternating voltage, and then
analyzed using the MEISP software.
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Chapter 4. Exploring positive and negativeelectrodes forK *-ion batteries.

Effect of synthesis conditions oHard Carbon properties

The first research objective is aimed to prtieerelation between synthesis conditions, hard
carbon particle morphology and resulted electrochemical performance in PIBs. In Chapter 2 the
impact ofHC preparation parametesa particle morphology and intrinsic propertisgdiscussed.

HC particle sizenfluences the electrochemical propersexe the enhanced specific surface area
increassthe irreversible capacity loss due to the surface film formatiah thereforesesultsin

the reduced CEthoughlarge patrticle size accompanying the lower dgpesurface areanay
hinder K'-ion diffusion in HC structurelhe spherical shape ofGHparticles seems to be beneficial

in terms of high reversible capac@ndstraightforward adjustment oficrosphere diameter via
synthesis parameter&enerally, HC microspheres are obtained from singpigars!?122 D-
glucosederived HCsampleswith differentdistributiors of spherediametersvere obtainedinder
various synthesis conditiorte examine the relation between the particle morphology and the
resuledelectrochemical performance.

One may tune the hard carbomorphology through varying hydrothermal synthesis
conditiong?”:13%140yhereas the higtemperature annealing affects the graphitization détjree
the specific surface area, the space between graphene lapershe amount of carbon
defectd!’12¢ The various synthesis parameters weapplied (the designation oHC1-HC7
samples with respaee synthesis conditions could be found in tablé):4the pre-heating
temperaturd' ( 180 A C and 2 Drésidénced@nés la h6ch, 2d ) o €, a en
of precursors water solution of[D-glucose+ pectin + polytetrafluoroethylene] aral water
solution of[D-glucose+ pectin + citric acid]) and the temperaturdtof subsequeminnealingT™
(1200 AC aimaddditlos,exinsihgintermediate carbonization produgth etranol
after the lydrothermal synthesis and before the Higmperature annealingccurs to be an
important stepFigure4.1 illustrates the difference between samples obtained under the same
conditions.Without ethanol rinsing stefé¢ hollow microspheres ¢1C with a paricle size less
than 05 O m(hereafter they arealledhanosi zed part i @ prevalidtheHC [ n e
powder HC nanospheres might enlarge the irreversible capacitglossj first formation cycles
of K*-ion cell operatiorowing to enhancedpecificsurface areaOn the other handhe fraction
o fnandsized HC par t i clteesamplehat wasgnrelonmatily iinsed with ethanol
before the higliemperature anntagat 1500 AC
Table4.1. Comparative table of properties of hard carbon sampldained under various
synthesis conditions. The electrochemical measurements were conductealficells with a 0.5
M KPF6 / EC: DEC electrolyte solution (1b¥ volume ratio)
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Specific

. Capacity
_ discharge CE of the _
_ N Particle . retention
Synthesis conditions _ .| capacity atthe| 1%tcycle,
size mO after 30
15tcycle, %
cycles, %
mAL L g
HC1: Hydrothermal synthesis (D
glucose + pectin +
polytetrafl| uar8o| 0.16-2.1 223 19.6 1.1
h), hightemperature annealing (12(
Au)
HC2: Hydrothermal synthesis (D
lucose + pectin +
J P 0.14-
polytetrafl uarléq 158 199 70.8 29.6
h), hightemperature annealing (12( '
Aw)
HC3: Hydrothermal synthesis (D
lucose + pectin +
J P 0.127
polytetrafl uar8o 107 223 45.5 43.2
h), hightemperatug annealing (150( '
Aw)
HC4: Hydrothermal synthesis (D
lucose + pectin +
J P 0.13i
polytetrafl uarléq 157 221 64.3 57.9
h), hightemperature annealing (15( '
Au)
HC5: Hydrothermal synthesis (D
lucose + pectin +
J P 0.14-
pol ytetrafl uar2d:/ 145 202 62.3 82.2
h), hightemperature annealing (15( '
Aw)
HC6: Hydrothermal synthesis (D
glucose + pecti
04471 4.3 250 56.7 92.0

#, 16 h), hightemperature annealin
(15®p A
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HC7: Hydrothermal synthesis (D
glucose + pecti
_ | 2.31 324 181 67.3 89.0
#, 16 h), hightemperature annealin

(15m®p A

Figure 4.2 shows the morphology and size distributionDeflucosederivedHC microspheres
obtained under various conditionstbE hydrothermalcarbonizationAll HC particlesresemble
spherical shap&he particle size distribution was calculated using ImageJ software from a number
of SEM imagesThe appliedsynthesisconditionsalter the size distribution andhe contentof

i nanos hhe reauih@dHC samplesThe particle diameter distributionigit give a clue

about the content of HC nanospheres. Assuming the analyzed SEM images reflect the average si
distribution in whole powder volume, one could estimate the fraction of nanosized particles. It
decreased in order HC1>HC2>HC6>HC4>HC5>HC7 @sponding to
89.0%>60.98%>14.5%>6.4%>2.3%>0% respectivelPoth HC powders obtained upon
annealingatf=1200AC cont ai n t h enanpsizedtH® spheresThe increaseo u n
in the residence time from 8 hours to 16 hours results in the broader patrticle size distribution ant
the enhancedumberof larger particlesThe elevated annealing temperatule T 500 AC | e a
the drastic dimio t i o manosiZed f H CiclgsalhetfurthemraisedHTC durationof 24 hours
causes thewider distribution of HC microsphere diametdn the range of 200 m The
finanosized HC particles disappear with the subst
CsHgO7. However, the average diametérHC microspheres derived fromwpus solution with

citric acid (pH~2.8) decreasé down to~ 0 . 7 9 Théenhanced hydrothermal temperature
T=200AC results to the br omthemrigsdf40Omut i on o

. Particle diameter, um . - f:/ . : “ﬂ:ledlameter. E
Figure4.l. SEMimagesof HC4 powders obtained) withoutethanolinsingand b) withethanol

4 5 6 7 8 9 10 11 12

rinsing Insetsdepictthe particle diameter distribution.

The SEM results are consistent with the values of the specific surface area mbegpsoeed
BET method (Table 2). The lower specific surface area 67.18 mil. ‘§for HC2 (T'=18 0 AC;
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t=16h; "'=1 200 AC) GBb7ddrargerdC1(P=18 08B, T'=1200AC) st el
the formation of larger HC particlesving tothe raised residence time of HTC st@pdecrease

in thefinanospheréscontent is accompanied by redioa of the specific surfaceardd.ut it 6 s
the single reason manipulatirige specific surface area. Enhancet: 1 5 0 €edults in the
declined specific surface arddC4 sample containing lower fraction of nanospheres th@o

exhibit higher specific surface aremtativelyowing to the contribution of mesopores in HC walls.
Despite the HC parti cthelowdssecifie sudace amefaluelo.34s t
m?L 4 is observed fothe HC6 (T'=1 8 0 AC; "% =5 0 Ga&plEterived from aqueous
solution containing citric acidSo, the improved valued €E originated from the diminished
irreversible capacity loss are anticipafed this sampleNevertheless, matching of microscopic

and electrochemical daia requiredfor selectingthe most appropriate HC since the possible

kinetic difficulties might ariséecause ofargeHC spheres
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Figure4.2. SEM imges 08)HC1; b)HC2; c)HC4; d)HC5; e)HC6 and f)HC7 powders Insets

depict theparticle diameter distribution.

Table4.2. Specific surface area valuebtained by using thBET method forthe HC samples

produced under various synthesis conditions

SSAgeT,

Synthesis conditions
m2L. §

HC1: Hydrothermal s}ynthesis (lucose + pectin + polytetrafluoroethylene 31702
18 4,8M),hight emper ature ahneal in
HC2: Hydrothermal synthesis (Blucose + pectin + polytetrafluoroethylene
1 8 4, 18 h), hightemperature annealing (120@)

57.18
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HC4: Hydrothermal synthesis (Qlucose + pectin + polytetrafluoroethyleng 26,56
184, 18h), higt emperature ahneal il '

HC6: Hydrothermal synthesis@ | ucose + pect ignl6h), _—
high-temperature annealingg10 04) A '

The results of galvanostatic cyclingHC electrodes K cells withconventional carbonate
based electrolytfd.5 M KPFs / EC: DEC (1: 1, v:v)jat C/10rateare shown in Figurd.3. The
charge/discharge curves exhibit sloppgfile at 131 0.3 VvsK*/K and plateau regions atl®
and 029 V vs K'/K during the intercalation and deintercalation respectivehe SEI layer
formation and emerginglectrodepolarizationaccount for the difference in the shape of charging
curve at the 1st cycldt should me mentioned, that the K metal as negative electrode contributes
to the irreversible capacity loss in all K cells due to the formation of unstable SEI Téger.
complee degradation df cell with HC1 electrode upon 30 cyclesiginates from the continuous
electrolyte decomposition on particles with the enlarged surface Trearreversible capacity
| oss correl at es nanodizekd tHG& niircardtesidotinatioe & thé
finanosized parti cl es i mpat theviecgcle ant eycleGtability Bhe capasity
retention increases up to 92Moreover, the surface induced capacity, corresponding to the slope
region at the galvanostatic curves, reduseh the decreased specific surface area valhe.K
cells withHC6 and HC7 deliver the best capacity retention of 92 and 888épectively.The
specific discharge capacity at thécycle varies in the range #80-250mA L. ht.l. g
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Figure4.3. Galvanostaticcurvesmeasurd for K*-ion cells with a[0.5 M KPR/ EC: DEC (1: 1
by volume ratio)jelectrolyteand witha) HC1 ; b) HCZ2; ¢) HC4; d) HC5C; e)HC6 and f)HC7

as working electrode

~

The comparative tablé.l demonstrates that the enhanced condeht i n a n ¢eadp,h e r
as expected, to lower CE values during the first formation cycles and to a faster degradation of th
PIB with the [0.5 M KPR/ EC: DEC (1: 1 by volume ratio)] electyte. Therefore, the
finanosized parti cl es s houl gdutlizeein farthes guayt. It night béda@ained w c

via introducing the step afthanol rinsingy i a t he appl i cation of pr
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hours) and enhanced annealing temperature= @5 00 AC) , and Vi a t
polytetrafluoroethylen®y citric acid.TheHC4 andHC6 samples exhibit the better combination
of the specific capagit ( 2 2 1 tanAd: h 2 § 01) and CEhvalges at thé'tycle (64.3%
and 56.7%) compared to other samptémwvever, HC7 sample delivesthe high CE value of 67%

at the first cycle with capacity retention of 89% after 30 cytles.ce, HC powders with decreased
content of nanosized particlesd annealed at higher temperature of £80@eliver the best
electrochemicagbropertiesThebest combination of synthesis conditions goisetheHTC of (D-

gl ucose + pect i 16H)wih the subsequaftightdmperdtiuBeOanndaliras
T=1500 A

¢ haracterization of the HC negative electrods

The HC4 microspheres with the diameter distribution in the rang&1815.7 Om were utilized

to probethe surface film formationThe observed Raman spectrum (Figludg exhibitsso-called
D-band (the defedhduced band) and-Band (the crystallingraphite band) peaks at ~cm*

and ~1585 cr respectively being characteristi¢ the HC structure The Gband represents %p
vibration in graphitdike materials whereas the Mands emerges due to the double resonance
Raman procesgseeChapter 2) However, the double resonanRaman process induced by
defects and, thereby, implicitssociated wittheir presenceHerein, the ratio of Eband and G
bando6s io/hskisecalcslatad yo be 112, indicating defecsteictureon a brge scale. These
defects mightontribute tahe surfacealriven storage of kionsand, hence, tthe sloping profile

of galvanostatic curves abo0e3 VvsK*/K.

2500

2000 D-band |} 1
i . G-band
1500 - Vo _
2 ] H’ﬁ ’
.a ‘ f
§ 1000} / A
£ /W
500 | y \ -
,,LMW,MIMM %, ‘wﬁm\»mww-
of i

500 750 1000 1250 1500 1750 2000 2250

v -1
Raman shift, cm

Figure4.4. Raman spectrum ¢1C4 powder
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HAADF-STEM image in Figure 45a allows
identifying the components of the Héased
electrodes. The HC spheres appear prominently
bright due to their large thickness. The spheres are in
contact with porous network structures of the carbon
black additive. STEMEDX analysis of the HC

sphee (Figure4.%,c,d) reveals no side elements
e
s vl except oxygen and argon. Apparently Ar is trapped
5}; X . 4.1 pt oxyg gon. Apparently pp
2 .

during final annealing of the HC spheres at 1500
in Ar flow. The K'-ion adsorption at the surface
oxygen atoms might alggomote the surface induced
capacitve process during Kion intercalation into

HC framework.

2 3 4
Energy, keV

Figure4.5. Microstructure of the pristine
HC electrode: a) HAADFSTEM image of
the HC microsphere with attached carbon
black forming a porous network structure;
b, c) HAADFSTEM image of the edge of
HC microsphere and corresponding celor
coded EDX map  demonstrating
distribution of oxygen and argon. The
surface of the sphere is slightly
oxidized whereas Ar is  more
homogeneously distributed inside the
sphere; d) typical EDX spectrum
demonstrating presence of O and Ar.
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KMFCN cathode material characterization

In Chapter 2 the advantages of the PBA utilization in PIBs provided by the 3D open framework
are discussedn-containel PBA with general chemical formulaKin[Fe(CN)]3 nH20 delivers

better electrochemical performance in terms of reversible capacity values, operating potential an
cycling stability'>1/4451and, hence, is beneficial for the development of full K. déle cathode
powder was synthesized \paecipitation technique described in Chapter 3. The obtained particles
possess the size 1e460 nm(Figure4.6a). EDX analysiscombined with the thermalnalysis
resultsreveals the chemical composition Kf 4Mn(Fe[CNk)o.o* 0.4H0 (KMFCN). The cyclic
voltammogramof KMFCN was measured in twelectrode Khalf cell with conventional
carbonatébased electrolytd)]. 5Me KPEC: DEC (1:1, v:v)]-4i’® th
vK/ Kbt scan Ol @gured6c). 1t BMdwsthreedistinguishablepeaks a pair of
peaksis located at 3.7% and 4.24V vsK*/K on cathodic and anodic scamsspectivelywhich

relate to F&/Fe* redox The peako-peak distance being more 400 mV originates from the
formation of thick and resistive surface layers on electrodes causing a huge polarization in
carbonatebased electrolyteThe appearance of a peak at 3W¥s K*/K on cathodic scan
correspond to theMn®*/Mn?* redox. Since the shapand widthof cathodic and anodic peaks
differ, the second anodic peak migtdt be distinctive on cathodic scaihe specificdischarge
capacityof KMFCNis 112mA L. ht.L g

c)

200 + : d 4 24V,

100

&
I, mA-g"

ol— e

-100 -

387V

) 275\
S SR s o g e p——— 3.75V
A

0.0 05 10 15 20 -200 & L L 1]
Energy [keV] 25 3.0 3.5 4.0 4.5
+
Evs K/K, V

Figure46.a) The SEM i mage and b)poBaXe rs;p ecc)t rnao roni:
voltammetry curve mddvdefet ael $cant ha KMFECN
el ectrode amnhdECODBMM KPF, v:v)] electrolyte

KVOPO 4 cathode material characterization

KVOPOs (KVPO) was selected to examine with electrolygéesboratedn presented research for
PIBs as the positive electrode with polyanionic structlt¢PO was prepared by thermal
decomposition of the hydrothermally skhesized K(VO)HV203)(PQy)2(HPQy) ( =
0 KVOPIBHOO0 ) precur sor Chagter 8 KVPO rxhibitse KTiOP@-type
structure comprising V&octahedrand PQ tetrahedr&. Figure4.7 demonstrateXRPD patterns
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of K3(VO)(HV203)(PQy)2(HPQw) and KVPO compoundsefined using the Rietveld method
XRPD profile of KVPO could be indexeith orthorhombic unitcellg=12. 8105 N 0.

b=10. 44511 =0.3®®47 KN;0.00012 {; PrMa=The 90 £
calculated lattice parameters coincide witapublished dafd.
-H,0

K,(VO)(HV,0,)(PO,),(HPO,)~~ & KVOPO,

T T T T T T T
1.0 Experimental 1.0 r « Experimental 7
09 Calculated 09F Calculated J
L — Difference [ Difference ]
08 L | Bragg's positions 0.8 L | Bragg's positions | ]
- 070 070 T
=] F - | F 1
v 06 — 06 7]
2050 2 05[ 7
2 04f & oat ]
S .0 2 o3k ]
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0.0 febepion s ] 0.0 b ]
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20, deg. 20, deg.
Figured7. T h e experi mental, c al cRuPIDaptreadf i laensd fdc

Ka( VO) O\ B20HR)O pr e(cluafstd)r t h e &KYyOPOspamvder (aghtpafter

the Rietveld refinement.

The KVOPQ powder consists opar ti cl es with the athaer ag
aggl omerate into | arger cl ust er Bguremi8d).hThet h e
electrochemical properties of KVPO positive electrode were measured -eldatoode K cell
with conventionakarbonatebased electrolyted]. 5 M s KPEC:(OEQ ,i nv :tvh)e] pot
range-4o0 Bbv &/ Figure 48b,c). The cyclic voltammogram demonstrates two pafr
peaks located &.54/2.93 WsK™*/K and at3.99/4.23 WsK™/K on cathodic/anodic curvparts
respectively(Figure 48b). The additional peak emerges at 3.8%3K*/K on anodic scarThe
electrode polarizatiothat accounts for the enlarged paalpeak distances alsoevidenced in K
half cell with the KVPO positive electrodeThe KVPO cathode delivers the specifiischarge
capacity o5 7 m Alladtdmganiethy CE value o#47%at the first cyclet current density C/20
(Figure 48c). The capacity retention is observed to be 63 % upon the increase in the cycling rate
from C/20 to 5C despite the enough large siz€\dPO particlesThe galvanostatic curves exhibit
stepwise profile corresponding Y¢**/V°* redox. The enhanced cuiff potential up to 4.8 Ws
K*/K causes the poor performance of K cell with KVPO positive cathode that might stem from the
electrolyte oxid&on. The elaborated electrolyte stability can facilitate the electrochemical activity

of more K'-ions resulting in the increased reversible capacity values.
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Conclusion

The electrode materials for further research were synthesized and characfEneed.
K1.4aMn(Fe[CNJ)o.¢* 0.4HO samplecomprising particles with a size less than 400pussesses
the advantages as the positive electrode in PIB owing to the open framework structure. The
synthesizedVOPO4 compound exhibitingthe KTIOPOs-type structuregould not competeavith
othercathods for K cells in terms of specific discharge capacity valudswever, itcould still
serve asthe positive electrodewith polyanianic structureto examine various electrolyte
compositions.The hard carbon microspheres obtained ugmnhydrothermal carbonization
technique (E180AC; t=16 h) wi t h "=slusboseshdun teenspecifcn n e
discharge capacity values in the range 0220 0  mAih Khhalfcellswith [0.5 M KPFs/ EC:
DEC (1: 1 by volume ratio)] electrolyteThe presence of sma |l Inandsized parti c
significantly contributes to the irreversible capacity loss at the first cycles. The enhanced conten
of i n a n demgs hoelowersC& values during the first formation cycles and to a faster
degradation oK cells Th e pr e sitenmameo sap fhpediretoi cl es mi ght b
addition of ethanol rinsing intermediate step, the increased annealing temperature, appropriat
choice of precursors, and the variation of HTC paramétee. optimized synthesisonditions
enhance the CE value up to 67% at the first cycle and the capacity retention up to 89% upon 3

cycles.
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Chapter 5. Electrolyte salt concentration effect on electrode performance in diglymbased

K*-ion batteries

Aluminum current collector passivation

An important issue limiting practical implementation of the electrolyte is its stability against
current collector corrosion within the working potential range. In order to estimate the potentials
at which the Al curent collector corrosion occurs, tvatectrode K hatcells with Al working
electrodes and KRFK52 electrolyte solutions of different KPEoncentrations were assembled.
The Al surface passivation by thedPBnion was described earfiétand was also observed in all
our experiments: the reduced @ant density value in the second cycle in comparison with the first
cycle indicates a slower rate of Al oxidation due to the passivation layer form@égome5.1a).
Enhanced electrolyte stability against Al current collector corrosion was obtainechapeasing
the KPF salt concentration Hgure 5.1b), which is in line with that reported for -ion
batterie$*>144 Thus [2.5 MKPFR/G2Z] electrolyte solution can be utilized with positive electrodes
and, hence, iiK full cells. The originof the improvedelectrolyte stability against Al current
collectoroxidationwith salt concentration oreaseshouldbe identified S Raman measurements

to examinghe spatial organization of the ions and molecules in the solwBom performed.

ae 0000000 b) 0.10 :
) S S S ) AN x'M KPF_in G2\ K '
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fffff 1st cycle: backward scan i J
—— 2nd cycle: forward scan ‘J 0081 wwimemiom mim /oo oo wief b/ et ot 7]
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Figure5l.a) Cyclic voltamWKmateéy!|l perfbrmedmfoom w
1M KBEB ateVA®0scan rate;Khbat é€dyclwiinngh odfi ftf lee
concentrationsKupepoeS5eBtWVngstKe electrolyt
collector ceofrfosiuocnAh®meesic Wy 0180 ti mes highe

current) .

Spatial organization of electrolyte solutions with different salt concentrations

In order to probe the spatial organization of the ions and molecules in the solution (often referrec

to as fisolution structureo), the Raman sp
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diglyme and KPFG2 electrolyte solutions with different salt cemtrations. The obtained spectra
reveal a setof characteristic bands at 8880 cm!, a sec al | ed Abr &A€hi n
corresponding to the combination of thed@ C dretching and Cklrocking modes of the solvent
molecules (figures.2a). The Raman spectrum of pure diglyme exhibits 3 overlapping peaks
residing at ~ 805, 825 and 850 ¢ras previously reportétP14"148 Two additional peaks of
iperturbedo s ol vedB64cmerheege sichukaseously for &lktite KAG2
solutions as a result of the blue shift of the vibrational band due to tigoiole attraction between
the dissociated Kion and the carbonyl oxygen of the solvent mole8l@he mentioned shift is
much smaller compared to that for the Lif32 solution$*®1%° due to a weaker interaction
between Kions and carbonyl oxygens (the weakerdpole binding arises from the less charge
density due to the larger radius of-Kbn compared to [¥). According to the reported dat§ the
K*-ion has two feasible types of aféld coordination with the solvent molecules and R#ns in
the diglyme solution: namely the contact ion pair (@IPand solvertseparated ion pair (SSIP)
associates. CHRI implies the K' cation to be coordinated to a singlesP&hion through three
fluorine atoms and to a single diglyme molecule tigto three oxygen atomBigure 5.2b, left).
In SSIP, it is coordinatetb a pair of diglyme molecules through six oxygen adRigure5.2b,
right).

The peak at 740 ctcorresponds to thE-F stretching othe uncoordinated RF*° while its
shift becomes a distitige feature indicating the bonding formation between the anion aiahk
through fluorine atoms. As it shows no significant sffigure 5.2a), we can infer that: (i) no
cationanion aggregates (R&nion interacting with two or more*ons) formed aseported for
concentrated electrolyté8 5% (i) herein, we cannot definitely distinguish between the-MIP
and SSIP associates because the reported theoretical peak mhfgi@mceis less than 1 crh
(note that spectral dispersion is 2-Hm

As the fAbreathing moded consists of five
Lorentzian function was executed to quantify the proportions of free and coordinated solvent
molecules (figuré.2c; figure5.3, table5.1). With increasing salt caentration, the total integral
intensity of the fAperturbedd peaks enhances
reducing number of free solvent (Aunpertu
intensities for the peaks of the sartype (unpertubed or perturbed) might be connected with
specific interactions between ions and solvent moletiles

Thus, we demonstrate decrease of the free solvent molecule population upon increasing the
salt concentration in the'kbased electrolytes similar to that reported for otherampreous Li-
based electrolyte solutiolf§144153154yhich eventually elmances the oxidation potential of the

electrolyte. Moreover, the preferential reductafPFs anion interacting with K-ions results in
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the anionderived SEP3 Furthermore, the formation of the passivation layer on the Al surface

occurs due to reduced solubility of Al electrolytes with less free solvemolecules resulting

in lowering Al current collector corrosiéti144 Hence, a better electrochemical performance is

anticipated due to forman of a stable SEI layer and suppression of the Al oxidation with

increasing electrolyte concentration. Thus, the influence of the electrolyte compositional and

structural changes as a function of the salt concentration on the electrochemical bettheior of

K*-ion cells is important to resolve as discussed below.
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Figure5.2. a) Raman spectra of the diglyrhased electrolytes with different KPFsalt

concentrations. b) Representation of the anticipated sol¥&tezh coordinations as contaitin-
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pairs (CIP) and solverseparated ion pair (SSIP) associates. ¢) Deconvolution of peaks at the
breathing mode (green dash lines correspond tortherturbed solvent molecules and violet dash

linesi to the perturbed ones).
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solutions.

Table5.1. The fractions of the calculated integral intensities of deconvoluted peaks from Raman
spectra corresponding to perturbed and unperturbed solvent molecules dtectrolytes with
different salt concentration

Electrolyte solution M 1.5M 2M 2.5M
KPFe/G2 | KPF6/G2 | KPF6/G2 | KPFe/G2

Fraction of the unperturbed solvent
25 21 16 15
molecules, %

Fraction of the perturbed solvent molecule
%

75 79 84 85

KVPO cathode performance in diglymebasedelectrolyte

Two-electrode haltells with KVPO working electrodes armliglyme-basedelectrolyteswith
different KPF salt concentration (1M; 1.5M; 2M; 2.5MJere assembled and cycled at a 0.1C rate
(13.3 mAQ* corresponding to the theoreticadpacity of 133 mA&™) in the 2.54.5 V vs K*/K
potential range for 30 cycles. According to thePfRdata measured for the pristine and cycled
electrodes, the KVPO structure is presenfédure5.4, Figure Al, Table Al
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Intensity

Figure5.4. XRPD patterns for KVOP®@pristine electrodes and electrodes on Al foil cycled
upon 30 cycles in electrolytes with different salt concentrations feaks correspond to
conductive additive being present in tleghode composite; #peaks correspond to the K&3alt
crystallized at the electrode surface after galvanostatic measurements).

The halfcell with the 2M KPE/G2 electrolyte solution exhibits the highest initial discharge
specific capacity (53 mAD ™) and good capacity retention (81%) after 30 cycles at 0.1C charge
and discharge ratebigure5.5a,b). The delivered capacity is slightly lower than tepbrted by
Chiharaet al®’, which may be attributed to the synthesis procedure resulting in a different particle
morphology or to the higher upper cutoff potential of 5.0 V used in their research as opposed tc
4.5 V in the present study. In the 1M K®E2 electrolyte solution KVPO shows a dramatic
parasitic oxidation current arising from the electrolyte degradation duéatgeapopulation of
free-solvent molecules at this concentration, which further explainewest discharge capacity
values and low coulombic efficiencies (Fig&r®). The other reason for the variation of the initial

discharge capacity comes from the overpotential of the K metal anode.
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Figure5.5. Galvanostatic measurements of-iiin halfcells comprised of KVPO electrode and
electrolytes of different concentrations, at a C/10 scan rate. a) Charge and discharge curves in t
10" cycle for each electrolyte concentration. b) Specific discharge capheinge upon cycling

for different electrolyte concentrations. ¢) Coulombic efficiency changes upon cycling for different

concentrations.
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To estimate the resistance of the SEI layer leading to the large overpotential of K metal
anode, the EIS measurementere performed in symmetric K cells in the potentiostatic mode.
The PEIS spectra are analyzed using the proposed equivalent s¢hgune §.6c) in MEISP
program.A large semicircle in the higfrequency region corresponds to the pagsiydilm
impedane on the potassium surface. Since a symmetric cell consists of two K]electrolyte
interfaces, the interfacial resistances represent a doubling of a single K elessoaepotential
is applied upon measurements, only processes associated with the esdlidlydéé intephase
(SEI) formed on th&k metal and the double layer charging are assumed to occur. Hence, SEI

resistance and double layer capacitance are

350 : e reflected by Be and G, respectively. The
sal| S VMKPEge2 | Nyquist plot intercept with thaorizontal axis
»— 1.5 M KPF /G2 T o .
Jsol| o 2MKPF/G2 1 in high-frequency region is attributed to the
& SrSe NMRPE el | solution resistance value {§. The area
€ 200 | _
é specific solution resistance reduces with
&:150 - 1 increasing concentration of KPETable 5.2,
(S | | .
= 100 - 41 Figure5.6).
sol 0,."" 0\“0«0 The evidenced tendency is ascribed to
0 _m ¥ enhanced iorconductivity of the electrolyte,
0 50 100 150 200 250 300 350 . -
Re(Z), arom? similar to that reported for the NagHn
b) diglyme'® and for LiPk in carbonatebased
» W= a2l ‘ ' solutions®®.  Moreover, the interfacial
g | 9 25MKPF/G2 . . .
& 5 impedance corresponding to the aspacific
N T gt SEl resistance shows a noronotonic
g 0 3 J'N.v s L . . .
''20 25 0 35 $0 45 50 concentration dependence, being the highest
Re(Z), Q-cm
) for the 1M KPR/G2 solutions, reaching its
e
Rsel minimum for the 2M KPF solution and
Rsol —:l— increasing again for the 2.5M KFB2 solution.
O—IZl— —© This behavior probably originates from the
| | . " I
I thickness or composition variations tfe SEI
Ca layer (Table5.2, Figure5.6).
Figure5.6.a ) lampceed s pectkKr a of t he
symmetric cell s wi t h di fferent el ectroly
concentrations; b) the enl argement of the

frequenfmy trhengeeag ui val ent circuit scheme

i mpl emented for MEI SP cal cul ations.
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Table5.2. The solution area specific resistancg| Bnd solid electrolyte intphasearea specific
resistanceRsg values calculated using MEISP software in kneymmetric cells with different

electrolyte concentrations

Electrolyte Rso, Qq2cm Rsei, ¢ 2*cm
1 M KPFRsin G2 54.7M5.9 237.M47.0
1.5 M KPFs in G2 37.986.5 65.2N16.6
2 M KPFsin G2 29.8\3.2 3.8\2.6
2.5 M KPR in G2 27.6\3.3 9.983.1

The obtained B dependence versus salt concentratsim good correspondence with the
initial discharge capacities of KVPO observed in KIBR2 solutionsThe presence of a resistive
film induces a potential drop at the interface resultmthe reduced capacity values as described
by modeling for Liion cell$® and experimentally validatét:'*® Consequently, the apparent
initial specific discharge capacities for KVPO at different salt concentrations strongly depend on
the interfacial resistance §R) on the kmetal anode, which was measured in kheymmetric
cells (Table5.2).

Moreover, the continuous capacity loss occurring in the 2MJl KPFs/G2 electrolyte solutions
is mainly due to the formation of an unstable SEI layer on the K metal surface in less concentrate
electrolyte$*. The SEI film growth observed in impedance spectra measured witleviohgion

(Figure5.7) leads to higher & values being responsible for the capacity fade on cycling.
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Figure5.7.1 mpedance sKpseycnimreat rofc tcheed | s wi th diff et

showi chganhges with time evolution at differe

Hence, the electrochemical performance of thadd cell constructed with an anode other than
metallic K is expected to show a better performance. However, the capacity retention of 98% ir
the 2.5M KPRE/G2 dectrolyte solution indicates stable cycling where the capacity fade is not a
result of the anode reactivity. Such electrochemical behavior for the cell with the highest
electrolyte concentration is tentatively attributed to the minimum number of thesdheent
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molecules leading to the lowest overpotential at the K metal due to a stable and thinner SEI filrr
formed on the anode surface. The presence of irreversible redox processes in theskB2 KPF
electrolyte solution is evidenced by the coulombic efficie(CE) vs. cycle number dependence
(Figure5.5¢): the CE value does not exceed 50%, whereas the CE values for the 2/ KBid

2.5M KPFR/G2 electrolyte solutions reach 86%. These results truly support the assumption that
strongly coordinated solvent iecules are not preferentially reduced to form SEI layers, rather
than the anions, which are predominantly reduced to form passivating and thicker SEI layers.

KMFCN cathode performance in diglymebased electrolyte

To understand the influence efectrolyte solution structure on the different cathode material
performance, KMFCNvas cycled in a K hai€ell using thevhole set of electrolyte solutions at a
0.1C rate (14.8 m@™) in the 2.54.5 V vs. K/K potential range. According to the ¥R analysis,
all electrodes after 30 cycles maintain the parent stru(ffigare 58, Figure A2, Table A2)

T 1y 7 :
l

(020) ,‘l +  25MKPFg/G2

‘ M f\ (013)
; 2M KPF6 1G2
. 1.5 MKPFg /Gz

1 M KPFg /G2 1

Intensity

initial

15 210 215 3I0 35
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Figure5.8. XRPD patterns foK, Np ( F e J),EMNAH,O pristine electrodes and electrodes on

Al foil cycled upon 30 cycles in electrolytes with different salt concentrations eaks

correspond to conductive additive being present in the cathode composite

Figure5.9a demonstrates the charge/discharge lerofi the 18" cycle for K haltcells having
different electrolyte concentrations. The two plateaus on the discharge curve correspond to th
Fe*'/Fe* (3.95 V vs K/K) and M /Mn?* (4.05 V vs K/K) redox processes. The capacity loss
in the K halfcells ako occurs with the KMFCN working electroffegure 5.9b). In the highest
concentration electrolyte solutich5M KPF/G2the capacity fade related to the KMFCN cathode
contrasts with the stable cycling of the KVPO cathode, and couldnbatively ascribed to the
manganese dissolution as reported for thiesystem&%1% However, the capacity retention
increasedo 68% for the higher electrolyte concentrations compare®D% for 1M KPFR/G2,
which is attributed to a smaller amount of free solvent molecules at the higher|yle cedt
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concentrations resulting in a thinrgrrface passivatiolayers and enhanced electrolyte stability
against other redox processes occurring at the electrode surfaces upon cycling. This behavior
expected because the oxidation stability of thieesit molecules solvating metal ions enhances
compared to the oxidation potential of the free solvent mole€ll&se highest specific discharge
capacity for the first cycle is 108Ah@* in the 2.5M KPE/G2 electrolyte, which is lower than a
previously reported value of 141 m@t 44 The difference in reversible capacity is tentatively
explained by the different water content and K:Fe ratio of tdrfFe(CN)],2 nH.O materials
synthesized for the two studies: 1#¥Mn[Fe(CN)loe#0.16HO in % and
K1.44Mn[Fe(CN)k]o.9® 0.4H0 in our studyThe coulombic efficiency exceeds 78% upon 30 cycles

(Figure5.9c).
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Figure5.9. Galvanostatic measurements ofikn halfcells comprised of KMFCNathodesand
electrolytes of different concentrations at a 0.1C rate. a) Charge and disc harge curves of

the tenth cycle for each electrolyte solution. b) Specific discharge capactycles.number for
different electrolyte concentrations. ¢) Coulombic efficiency vs. cycling for different electrolyte

concentrations.

HC anode performance in diglymebased electrolyte

Finally, two-electrode K-ion halfcells with HC working electrodes andriaus electrolytes
were assembled and cycled at 0.1C rate (3@mMAN the 0.12.5 V vs. K/K potential range for
30 cycles. The discharge/charge curve profiles do not vary with the electrolyte salt concentratior
(Figure 5.10a). The initial capacity vale of the hard carbon (HC) anode in-iin halfcells is
shownin the Figure 5.10b. The pronounced increase in cathode specific discharge capacity with
electrolyte concentration is not observed for the anode in the present electrolyte solutions
indicating aminor electrolyte concentration effect on the HC surface chemistry during cycling.
Coulombic efficiency is higher in more concentrated electrolyte soludibtine first cycléigure
5.10c) that can be associated with the ardenived SEI layeformation enabling the effective HC

protection, as was detected in-ia cell$3%. However,the presented results could albe
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tentatively attributed to the irreversiblé-kon insertion into the HC structure. Nonetheless, several
additional studies of this issue are required.

In summary, a pronounced effect of the electrolyte salt concentration on the cathode specific
dischage capacity has been observed. An increase in the discharge capacity with the electrolyt
salt concentration is accounted for the smaller free solvent molecule number, providing enhance
electrolyte stability against other limiting redox processes (e.gelédtrode passivation and
solvent oxidation processes). As the HC anodes were shown to be not affected by the electrolyt
salt concentration, the low coulombic efficiency values in the first cycle can be accounted for the
irreversible K ion intercalationinto the HC framework which requires further elucidation as to

anodedependent processes.

a) b) C)
'70) r
25¢ —— 1MKPFg/G2 £ 110 \
= <C 250F 5 105} A\ a2
15MKPF /G2 3 ¥
0 £ %gg : % saen o
20r ——— 2 MKPF, /G2 - %’3 a§°§ 3 100 20482 33“3 b °3§~N3 J
6 = 3 [ 3800333380835350830833,5
e S 25} 3 1= L - a4 9ge?
150 ——25MKPFg /G2 o ggj @ g 951 y 3 ?
<t 2 eyl $ ) ;
+ S 030320, ® - | 1
200 9adugq 202 I
L) o 200f 223, a {10 I
» ) 0436\}8 'Sy | & 8 | 1
LE 8 *938s, g 80 {
05F g 175¢ e 4 S T
= 3 ° 8 751 j
5]
i 5 150, X . . . . , 0
0 50 100 150 200 250 3 0 5 10 15 20 25 30 0 5 10 15 20 25 30
(%) Cycle number Cycle number

Specific capacity, mA-h-g”
Figure5.10. Galvanostatic measurements ofilin halfcells with an HC electrode at a 0.16can

rate a) Charge and discharge curves in 1@¢h cycle for each electrolyte concentration. b)
Specific discharge capacity changes upon cycling for different electrolyte concentrations. c)

Coulombic efficiency changes upon cycling for differelgctrolyteconentratiors.

K full cell

To demonstrate the practical significance of the obtained results, a comparative investigation o
full cells consisting of KMFCN cathode and HC anode was performed using both thbaghdr
and conventional carbonabased electrgtes with anodd¢o-cathode capacity ratio of3 to
prevent the effect of the irreversible anode capacity change on the full battery performance. In thi
carbonate electrolyte, the optimal amount of the &3lft added to the EC:DEC (1:1, v:v) solvent
mixture while remaining a transparent solution was 0.&Me(ectrolyte concentrations higher than
0.5 M the KPF salt readily deposits on the separator, electrode surface and cell compakents
the K full cell cycling was performed to prove the feasibilitykdfion battery implementation at
the 0.6C rate (90 m@?), which is considerably higher than the 0.1C rate used for the
galvanostatic measurements in the K {ealls, the electrolyte salt concentration effect on the
(de)nsertion rate becomes importaince the enhanced salt concentration could result in the
reduced intercalation rate and, hence, the cell electrochemical performance declines at th

practically important discharge current rates which are predominantly higher thaf?0-iCe,
88



the 1.5M KPR/G2 electrolyte solution was chosen to overcome possible kinetic hindrances at the
higher current rate (however, the full cell using the 2.5 M #BE electrolyte solution with the
highest concentration was cycled and compared to tHec#lil using the carbonateased
electrolytes in Figur®.12). Although the initial cell capacity was higher for the carbohaised
electrolyte (121 mA@ ™ of cathode) than for the ethbased electrolyte (105 m&h' of cathode),
capacity retention isditer for the latter ond-{gure 511a). The capacity retention of 86 % after
300 cycles at 0.6C rate with a specific capacity value of 90@Adf cathode was observed for

the 1.5M KPRE/G2 electrolyte, whereas the carborbésed electrolyte demonstratenly 66%
capacity retention after 300 cycles at the 0.6C rate, as well as a lower specific capacity value of 8
mAh@* of cathode Figure 511a). Moreover, in 1.5M KP#G2 the specific discharge capacity
stabilizes after 125 cycles, whereas it keepseadsing in the 0.5M KRFEC:DEC solution.
However, the CE vs. cycling curves are quite similagyre 511b). The charge and discharge
curves at the last cycle are also presented for both electrolyte soldiguse(511c). The full

cell with the HC ande exhibits better specific discharge capacity and capacity retention than the
full cells comprised of the Prussian Blue analogue cathode, carduasstd electrolyte, and non

HC carbonaceous anod&® Moreover, the attained electrochemical characteristics exceed those
reported forK full cells consisting of the Prussian Blue analogue cathode andletbed
electrolyte, in which the specific discharge capacity is b&ownANg* of cathode’#>163 The
applied strategyo tune salt concentration @therbased electrolytsolutiors wasalsoreported to
attainthe enhanced cyclgtablity of K full cell comprising graphite anode ak@Mn[Fe(CN)
cathod&’. The utilization of hidply concentrated5.6 molkg* KFSI/G3+0.5wt%V({ leads 6 the
dischage capacity of 1060Ah@* of cathodeafter 100 cyclesFurthermore, the observed findings

are in line withother studies on electrolyte composition optimizatioat enhancethe stable
cycling ofK full cell delivering the initial discharge capacity vabfel 05mAh@ ™ of cathodé®164

Hence, the present results demonstrate impriviedl cell performance when using the diglyme
based electrolytes with the proper concentration of thesK&lFand a hard carbon anode. Highly

concentrated electrolyte solutions még a useful instrument for further “fon battery

development.
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Figure5.11. Comparison of galvanostatic measurements of K full cells comprised of KMFCN
cathode and HC anode with carborb#sed and ethdrasedelectrolytes. a) Variation in the
specific discharge capacity with cycle number, b) Dependence of the coulombic efficiency on the
cycle number, and c) Charge and discharge curves at tHec@6l@. The current density els

0.1C during ifrst five cycles the further cycling was performed at 0.6@rent density
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Figure5.12. Comparison of glvanostatic measurements Kffull cells comprised of KMFCN
cathode and HC anode with carborb#sed and ethdrased electrolytes. a) Variation in the
specific discharge capacity with the cycle number; b) Dependence of the Couddiici@acy on
the cycle number.

Conclusion

The impact of the salt concentration on the performance of KVORO and
K1.4aMn(Fe[CNJ)o.g* 0.4H0 cathodes and hahrbon anode is clearly shown. An increase of the
KPFs salt concentration results in a reduced hanof free diglyme molecules. Hence, all redox
processes associated with solvent mol ecul e
electrochemical performanoé KVOPO, and Ki.4aMn(Fe[CNk)o.o® 0.4HO positive electrodes

the K halfcells. The maximum specific discharge capacities of the KVvQ@Pénd
K1.4aMn(Fe[CNE)o.o* 0.4HO cathodes are attained in the diglybssed electrolytes with the
highest KPE concentrations of 2 and 2.5 M, respectively. Furthermore, a full cell based on
K1.4aMn(Fe[CNJ)o.¢* 0.4H0 and HC exhibitstabledischarge capacitgf D90 mAlhlg' ! after

125 cycles.However,the specific reasons for the obserud@ behavior in the concentrated
electrolytes should be clarified itme future researchAlbeit, the similar performance of HC
electrode in al[x M KPR/G2] solutions, theoutstanding performance &ill K cell with HC

negative electrodes attainedn more concentrated electrolyte compositions
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Chapter 6. Electrolyte salt concentration effect on the SElayer evolution on HC surface

No significant difference wasbservedor K half cells comprising HC negative electrode
and diglymebased electrolyte with various KPgalt contents ihapter 5However, the full cell
demonstratedhe improved performance with pl@aded HC electrodes in electrolytes with
enhanced concettions that could arise from the aniderived solid electrolyte intphasgSEI)
layerg3L After cycling in diglymebased electrolyte solutis, the electrodes are retrieved from
the Khalf cells after discharge step and washed in G2 during a couple of hours to remove trace
of KPFs from the HC surface. Then dried electrodes were located into the special vacuum vesse
to transfer inside XPS cheberwithout surface exposute air. The collected XPS spectra were
measur ed usi fay beam sx®td gald morestatistithe pristine HC electrode
contains C (83.4 at.%), O (15.3 at.%) and Na (1.3 at®hs The presence of Na arises from the
addition of NaCMC binder to the negative electrode compositee contribution of NaCMC
binder and conductive additive surfaces to the obtained XPS signal is not accounted for in the
present research. We strived to meeme it via probing several spots from the retrieved electrodes
and analyzing the average output data.

Figure 6.1a illustrates the observed Cls XPS spectra for the retrieved HC composite
electrodes cycled in K half cells with the concentrated electrebjitgion [2.5M KPEk /G2]. The
four detected peaks are associated wHG=<D (~289.8 eV), €O (~287.9 eV), &C/C-H (~286.4
eV) and K-HC (~284.9 eV) bonds respectively. The peak located at ~284.9 eV at C1s spectra is
assigned to the potassiated HC#C). Eshetu et al®® claimed that thispeak reflects the
thickness of the SEI | ayer . However, from
the SEI thickness changes during cyclimge the peak intensity depends both on the component
content and its allocation in the surfadenfversusz-axis. The SEI thickness will be determined
from the further results of HAADISTEM measurements. Figudelb reveals the presence of two
peaksin the F1s XP spectra which are associated with tfe(k684.6 eV) anKxPQ/F; (~689.4
eV) bonding.
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Figure6.1. Deconvolution of peaks at Cls (a) and Fls (b) XPS spectra of HC composite
electrodes retrieved after 30 full charge/discharge cycles from Kcélhlvith 2.5 M KPFR/G2
electrolyte solution
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Figure 6.2 depicts the XPS spectra changes versus thesdREoncentration increage
electrolyte solutionsThe distinguishable difference concerns the intensity of peak associated with
KxPQ/F; (~689.4 eV) bonding: the peak intensisysignificantly declined ithe SEI formed in
dilute diglymebased electrolytéFigure 6.2b)It should be noted that both KF and@Os; might
destroy the transport properties of formed surfagersas it was published recent, though
LiF and NaFare reportedto improve the transport properties of SEI film in“Liand Na-

system&”.
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Figure6. 2. (a) Cls and (b) F1s XPS spectra of HC composite electrodes retrieved after 30 full
charge/discharge cycles from K half cell with 1M; 1.5M; 2M and 2.5 M PF electrolyte

solutions

The HAADF-STEM characterizatiosoupled with STEMEDX mappingof 30 timescycled
HC electrodesurface reveals the absencealotk SEI formation(Figure 63). Either themodified
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upper layer of HC particle or the formation of thin SEI film with the thickness of less than 15 nm
is evidentafter cyclingin K cell with [2.5 M KPFs / G2] electrolyte solutionThis modified layer

or SEI film contains C, O, F and K elements ttaihcide with the XPS measurements.

nts)

Integrated (Cou
Intensity (kCounts)

W 2 Position (nm)

Figure6.3. TEM characterization of the HC surface after 30 charge/discharge cycles in the (2.5M
KPF6 in G2) electrolyte: (a) HAADISTEM image, individual elemental STEEDX maps, and
mixed color-coded EDX maps. (b) EDX signal intensity profiles across the surface of the HC

particle.
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Chapter 7. Electrolyte additive effect on SEI formation on HC surface in K-ion batteries

Herein, we probe vinylene carbonate (VC) as an electrolyte additive for PIBs batteries due to its
ability to form the uniform and flexible SEI on anotfés®® The positive impact of vinylene
carbonate (VC) on carbonaceous anode materials -ionLbatteries in terms of decreasing
irreversible capacity anisnproving cycling stability was demonstrated in a number of literature
reports’%172 VC is bdieved to decompose before the SEI formation thus suppressing the two
electron reduction of ethylene carbonate (E@®reinafter, we intend to investigate the SEI layer
properties via a strategy of VC addition to the carbebated electrolyte. The elemthemical

study of the HC electrode performance in the electrolyte with and without VC in PIBs is
complemented by probing the morphology and composition of the SEI films to comprehend an
electrolyte additive effect on the SEI formation and stability ewaiuipon cycling.

Electrochemical measurements

The electrolyte solutions with different VC (1, 2 and 4 wt. %) and FEC (5 wt.%, 50 wt.%)
concentrations are probed electrochemically. SIREE€ is usually added in a larger amount
because it does not destroy metal battery cell kinetics, while VC is add in minimal
concentrations to improve SEI elasticity without a loss of its transport propéttiEise cyclic
voltammetry (CV) curves wer elinkhpif celtsithédrard at
carbon electrode utilizing different electrolyte wadns (Figure7.1): 0.5M KPR/EC:DEC (1:1,

v:v); 0.5M KPR/EC:DEC (1:1, v:v) +1 wt.% VC; KP#EC:DEC (1:1, v:v) +5 wt.% FEC and
KPF/EC:DEC (1:1, v:v) +50 wt.% FEC. The reduction current corresponding to the electrolyte
componendecomposition occurs at 1.7 V v$§/K at the forward scan in bare carbonhtesed
electrolyte (Figurer.1a). Whereas, in electrolyte with VC (Figurelb), the VC reduction with

the subsequent electrolyte decomposition sttrthe lower potential ~1.45V vs K/K. The K

half cells withthe HC electrodes and FEC as the electrolyte additive exhibit poor electrochemical
behavior (Figurer.1c,d) indicating enormous electrolyte degradatigloreover, as no anodic
peak is evidenced at forward CV scans for BeEHC concentrations, we suggest the formation of
insulating surface layers blocking#on diffusion through the electrode/electrolyte interface. The
larger FEC concentration tusenly peak current whereas the additive reduction process is anyway
preferetial in the potential range than the other electrolyte component decompositieneby,

the FEC additive was excluded fromther consideration due to its clear negative effect in PIBs.
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Figure71.Nor mal i zed cyclic voltammetry cdfonthes m

first two cycles inK half cells with hard carbon electrode in the potential range 0.@19 V vs

K*/K in (a) 0.5M KPR/EC:DEC (1:1, v:v), (b) 0.5M KP#EC:DEC (1:1, v:v) +1 wt.% VC, and
(c) KPR/EC:DEC (1:1, v:v) +5 wt.% FEC and (KPFR/EC:DEC (1:1, v:v) +50 wt.% FEC
electrolyte solutions. The black solid line shows the first cycle and the red dashHmeecond

cycle.

The electrochemical data thhe HC electrodes cycled in Kalf cells with pristine and VC
containng carbonatebased electrolytes are reported in Figii& The HC electrodes were further
retrieved after 30 full charge/discharge cycles to investigate the SEI layersebledtion
microscoyy tools. The difference of CV curve shapes (Figuga) between first two chge scans

can tentatively be ascribed to differences in polarization of K metal. On the first charge the
irreversible capacity loss (ICL) mainly arises from the SEI formation but it also may originate
from the formation of soluble reduction prod&ats from trapping of K inside the HC structure

as it was suggested @haptels and reported for the tibn system$ In Figure7.2a the ICL values

on the first cycle vary in the range of 380% of the total charge capacity, with slightly smaller
ICL value in the pristine carbonabased electrolyte compared to the -¥@htaining solutions.

However, in the pristine carbondbased electrolyte the ICL occurs during whole 30
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charge/discharge cycles (Figut2c) denoting continuous parasitic reactioG& valueachieves

>99% in the 0.5M KP§EC:DEC (1:1, v:v) +4 wt.% VC electrolyte already at the third cycle
(Figure7.2c). OtherK half cells with the electrolyte with smaller VC concentrations also exhibit
the reduced ICL value and the CE valu88% after 413 cycles depending on the VC
concentration. The initial discharge capacity decreases with enhancing the VC content (Figure
7.2b) that coincides with the earlier published datahe observed variation of capacity values
could originate from the reagg K metal which is used as a counter electrode in K halfeelts

The same trends are preserved in FiguBllustrating the distribution of electrochemical data

collected from thre&-half cells for each electrolyte composition.
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Figure7.2. Galvanostatic measurements in théan&lf cells with the HC electrode and carbonate

based electrolyte without and with VC additive in different concentrations: a) galvanostatic curves
of two first cycles measured in the potential 0§ 0.010° 2.5 V vs K/K (the solid and dashed
lines correspond to the first and second cycle, respectively); the dependences of the specifi

discharge capacity (b) and Coulombic efficiency (c) on the cycle number.
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To distinguish the potential ranges, in which theil€ercalation, electrolyte decomposition and

VC reduction intervene, the differential capacity (DC) plots are analyzed. In our experiments the
enhanced reduction current corresponding taniercalation and the SEI formation is observed

at the range of ~0.6Q.5 V vsK*/K respectively on the DC plots for all electrolyte compositions
(Figure 7.4). Addition of VC results in emergence of the extra peak at ~1.25 VA6 Which
corresponds to VC reduction preceding the decomposition of other electrolyte components. I
corfirms the role of VC as an electrolyte additive in PIBs due to the polymerization reaction of
open VC or EC radical anions with the VC molecules that is thermodynamically more favorable
than reacting with the EC molecul&s
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Figure7.3. The average distribution of the dependences of the specific discharge capacity (a) an
Coulombic efficiency (b) versus cycle number with error bars provided for thtedfi€ells with
the HC electrode and carbondtased eletrolyte without and with VC additive in different

concentrations: detected in the potential range of 0.@®LB V vs K/K.

It is difficult to determine the voltage at which the SEI is formed orHBGeslectrode from the
presented galvanostatic measuretse@Generally, it depends on the electrolyte composition, the
experimental conditions (for instance, current density and temperature) and the catalytic propertie
of HC surface. In the case of the carbonaceous amodeion systemsthe potential of the SEI
formation is published to be lower than 1 W Li*/Li'’®7 However, ourin situ AFM

measurements demonstrate that the SEI formation starts-htb1\0vs K/K for solutions with
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VC which is discussed below.

Figure7 4. Differential capacity plotsneasured for the first cathodic scarKimalf cells with HC
electrode in the potential range 0.0il@.5 V vs K/K in all set of electrolyte solutions: 0.5
KPFR/EC:DEC(1:1, v:v); 0.5M KPF¥EC:DEC (1:1, v:v) +1 wt.% VC; 0.5M KREC:DEC (1:1,
viv) +2 wt.% VC and 0.5M KP#EC:DEC (1:1, v:v) +4 wt.% VC

Evolution of SEI layer formation by in situ AFM measurements

In situAFM measurements are performed inside affilfed glove box on crossections of
a fresh HC electrode embedded in epoagin. A piece of K foil is used as a reference and a
counter electrode, respectively. The K foil is gently scratched by a stainless tweezer in order tc
expose fresh shiny surface and quickly pteoean AFM cellwhich wadill edwith the electrolyte.
After that, the openircuit voltage (OCV) drop from 3 V to 2.5 V is achieved and stabilized.
Without these steps intensive bubble formation is observed and the bubbles floating and stackin
around the cantilever (figuig5) terminated AFM measurementg interfering with the detection

laser.
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