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Abstract 

Potassium-ion batteries (PIBs) have attracted significant research interest during last decade 

due to its low cost combined with competitive energy density characteristics compared to Li-ion 

batteries. Hence, one of feasible PIB application relates to the stationary 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 Electrolyte Interphase (SEI) and Cathode Electrolyte Interphase (CEI) 

layers on surfaces of negative and positive electrodes respectively. Furthermore, hard carbon (HC) 

electrodes demonstrate the enormous irreversible capacity loss with low CE values at the first 

cycles. 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 surface 

film cracking leads to the presence of bare spots on electrode that are 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 KFSI-contained (KN(SO2F)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 further PIB commercialization. 

Hence, KPF6 electrolyte salt providing the aluminum passivation is used in present research. Other 

strategies to develop new generation electrolyte for PIBs comprise solvent change, the enhanced 

salt concentration, and the utilization of electrolyte additives. Herein, all these approaches are 

explored.  

The effect of salt concentration in diglyme-based electrolytes on cycling performance of 

promising KVOPO4 and K1.44Mn[Fe(CN)6]0.90.4H2O positive electrodes (cathodes) and a hard 

carbon negative electrode (anode) for next-generation potassium-ion (K+-ion) batteries is 

investigated. A decrease in free solvent molecule number with increasing electrolyte concentration 

is found, which results in a better aluminum current collector stability, formation of thinner solid 

electrolyte interphase (SEI) passivation layers, and further inhibition of solvent degradation redox 

processes occurring at the electrode surface upon cycling. The KVOPO4 and 

K1.44Mn[Fe(CN)6]0.90.4H2O cathodes exhibit an enhanced specific discharge capacity (54 and 

105 mA·h·g−1 , respectively) in K+-ion cells at the highest electrolyte concentrations (2 and 2.5 M 

KPF6 in diglyme, respectively) at a 0.1 C rate. However, the behavior of the hard carbon anode is 

noticeably affected by the salt concentration over the first few cycles, a phenomenon tentatively 

attributed to the SEI layer formation and the presence of irreversible intercalation sites for K+ ions 
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in the hard carbon framework. In addition, the SEI film formation on hard carbon electrodes cycled 

in diglyme-based solutions with different salt concentrations are examined via X-ray photoelectron 

spectroscopy (XPS), high-angular annular dark field scanning transmission electron microscopy 

(HAADF-STEM) and electrochemical impedance spectroscopy (EIS) to adjust the impact of SEI 

composition.  Finally, electrochemical tests on K full cells consisting of the 

K1.44Mn[Fe(CN)6]0.90.4H2O cathode, a hard carbon anode, and an ether-based electrolyte show 

capacity retention of 86% over 300 cycles at a 0.6 C rate. 

The possible reasons of HC capacity loss are examined with a combination of in situ AFM 

and various ex-situ TEM techniques (HR-TEM and HAADF-STEM imaging, STEM-EELS and 

STEM-EDX spectroscopic mapping) targeting the electrode/electrolyte interphase formation 

process in carbonate-based electrolyte with and without vinylene carbonate (VC) as an additive. 

The studied HC consists of curved graphitic layers arranged into short packets and round cages, 

the latter acting as traps for K+ ions causing low Coulombic efficiency between cycling. Our 

comparative study of solid electrolyte interphase (SEI) formation in the carbonate-based 

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 component 

to the SEI increasing its elasticity and stability against fracturing upon HC expansion/contraction 

during electrochemical cycling. Therefore, the present research is dedicated to 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 diglyme-based electrolyte utilization for PIBs was 

demonstrated for the first time. The enhanced performance of KVOPO4 and 

K1.44Mn[Fe(CN)6]0.90.4H2O positive electrode materials in K half cells with ether-based 

electrolyte is presented for the first time.  

2. The elaborate K full cell comprising K1.44Mn[Fe(CN)6]0.90.4H2O and hard carbon 

electrodes with ether-based electrolyte delivers the stable cycle life upon 300 cycles at scan rate 

of 0.6C corresponding to charging time of 100 minutes. 

3. The origins of irreversible capacity loss in K cell with hard carbon electrode are 

identified. They comprise the presence of sites for irreversible K+-ion intercalation in hard carbon 

structure, the binder effect, the electrolyte decomposition, and the enhanced content of hard carbon 

nanospheres. The synthesis technique to obtain hard carbon microspheres with reduced content of 

“nanosized” particles for PIBs with stable cycle life is demonstrated. 

4. For the first time the formation of films on hard carbon surface in K cell comprising 

vinylene carbonate additive was probed using various spectroscopic and microscopic techniques. 

The strategy utilizing vinylene carbonate additive to enhance the electrochemical performance in 

K cells is demonstrated. 
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Chapter 1. Introduction 

Global energy storage market experiences rapid growth owing the decarbonization in key 

industry segments. The present energy storage devices based on Li-ion or lead-acid batteries suffer 

from high cost or inferior characteristics, respectively. Potassium-ion batteries (PIBs) are 

considered to accomplish all requirements for stationary energy storage beyond Li+-ion systems 

due to the reduced cost combined with the high energy density value. However, the PIB 

development faces issues concerning the faster cell degradation compared to Li+-ion counterparts. 

Furthermore, the electrode materials should accommodate wide enough channels for solid 

diffusion of large K+-ions into structure. 

Prussian blue analogues and polyanionic compounds are reported to enable the reversible 

K+-ion (de)intercalation into lattice host owing to open 3D framework. Moreover, they deliver the 

specific discharge capacity values in the range of 80-140 mA·h·g-1 and high operation potentials 

>4V vs K+/K ensuring the elaboration of high energy density PIBs. Nevertheless, the enhanced 

working potential requests the increased oxidation potential of used electrolyte components to 

suppress the irreversible cell degradation. 

Hard carbon (HC) negative electrode facilitates the reversible K+-ion (de)intercalation 

delivering high specific capacity values in the range of 220-260 mA·h·g-1 without significant 

volume changes compared to commercial graphite. However, HC electrodes in K+-ion cells suffer 

from the continuous irreversible capacity loss during cycling originating from the electrolyte 

decomposition. It might be avoided via formation of uniform and stable solid electrolyte interphase 

(SEI) on HC surface. Thereby, the urgent demand in electrolyte composition choice emerges. 

The electrolyte solution should satisfy the requirements from both positive and negative 

electrode sides. Besides, it should passivate the current collectors to prevent their corrosion. The 

electrolyte decomposition should result in formation of stable and K+-ion conductive surface 

layers. This research is dedicated to probe the SEI layer formation on HC electrode surface in 

carbonate-based and diglyme-based electrolytes in K+-ion cells. Furthermore, the HC synthesis is 

optimized to attain best HC performance in PIBs. 
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Chapter 2. Review of the Literature 

Characteristics of metal-ion intercalation systems 

The decarbonisation in key segments of the energy market in order to avoid the risk of 

catastrophic climate change1 boosted the global market of the energy storage devices up to 

approximately $99bln in 20192 the tremendous part of which (86%) is based on the 

electrochemical devices such as Li-ion batteries or lead-acid batteries2. The latter one possesses 

deteriorated characteristics such as low energy density and operation lifetime. The lithium-ion 

batteries exceed the lead-acid ones in overall electrochemical parameters, but suffer from the high 

cost. This brings an urgent demand for cheap competitive alternative that might be PIB due to 

abundance of potassium in the Earth’s crust (~21000 ppm compared to 26 ppm for Li). Therefore, 

the worldwide trend of the transition from fossil fuel to renewable energy has provoked the 

insistent development of alkali metal-ion battery technology beyond Li-ion.  

The key cell components embody the positive and negative electrodes, electrolyte, separator 

and current collectors. The choice of battery components define the substantial cell characteristics 

- specific capacity, operating voltage, specific energy, rate capability and cycle life3. The electrode 

composition and structure establish the electrode potential. The voltage designates the potential 

difference between the electrodes.  

The specific charge and discharge capacities of an electrode material in metal-ion battery 

are defined as the amount of charge passed at the charging or discharging steps, respectively, per 

unit weight of the active electrode material. The factors determining the capacity of the insertion 

electrode in the alkali metal-ion 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 ions A+; and (3) the reversibility of the (de)intercalation 

reactions. The theoretical, or maximal, capacity of the selected electrode material correlates with 

the number of reactive electrons and the molar weight of the material, as expressed by the 

following equation:  

𝐶 =
𝑧 ∗ 𝐹

3.6 ∗ 𝑀
 

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 from A·s to mA·h and F is the 

Faraday constant (F = 96485.3 C·mol-1). The equation implies 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 called the specific energy and specific power 

and measured in W·h·kg-1 and W·kg-1, respectively. These terms transform into the energy density 

(W·h·L-1) and the power density (W·L-1) to address the amount of energy or power that can be 

stored per unit volume. The energy contained in the metal-ion cell is the integral of voltage 

multiplied by the charge capacity 

𝐸𝑛𝑒𝑟𝑔𝑦 =  ∫ 𝐸𝑑𝐶.  

In battery terminology, the rate capability reflects the maximum charge/discharge rate of a 

metal-ion cell and, generally, is designated in the C rate denotation. A C rate represents the 

(dis)charge current at which the battery is charged or discharge during the selected amount of time, 

e.g. 1C equals the charge/discharge during 1 hour; 0.5 C – during 2 hours, 2C – during 0.5 hour. 

The metal-ion battery with 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 the cycle life that is determined as the number of cycles that an 

electrochemical cell can be effectively recharged before its performance (its capacity) has become 

too degraded. The Coulombic efficiency (CE) shows how the initial capacity is reduced during 

cycling: the equation  

𝐶𝐸 =
𝐶𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶𝑐ℎ𝑎𝑟𝑔𝑒
∗ 100%  

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 in each cycle. 

Applications involving long-term operation require the metal-ion cells with the extremely low 

capacity loss per cycle. 

Within the battery charging and discharging the electrode reactions are based on reversible 

intercalation/deintercalation of the alkali 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 metal-ion cell to recover its capacity is called charge 

current or charge rate. Conversely discharge rate or discharge current is a rate at which electrical 

current is removed from a battery. They both are usually expressed in terms of the C rate. The 

electrolyte role includes mass transport of ions from one electrode to another. This is the simplified 

scheme of metal-ion cell operation. However, the genuine situation also comprises charge transfer, 

cation (de)solvation, ion migration through surface films, the solid-state 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 properties. 
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Processes occurring during operation of the metal-ion intercalation system 

The charge transfer (CT) processes denote the crucial role in the alkali metal-ion 

intercalation systems. Firstly, the electron transfer from the current collector to the redox active 

center in the electrode lattice accompanies the structure modification due to the 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, the rate-limiting step4. 

Solvated alkali 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 of the electrode surface. 

The desolvation energy depends on the solvent nature, ion radius and ion charge. It might 

contribute significantly to the apparent activation energy of the intercalation process in the case of 

the absence of the surface film formation5.  

One remarkable phenomenon manipulating the metal-ion battery performance consists in 

the formation of passivating films. During battery operation the electrochemical interaction 

between the bare electrode surface and the electrolyte components, in the most cases, results in the 

covering of negative or positive electrode surfaces by the solid electrolyte interphase (SEI) or 

cathode electrolyte interphase (CEI) layers, respectively6. The formation of SEI/CEI films on 

electrode surfaces is accompanied by the significant increase in the apparent activation energy of 

charge transfer4. 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 rate performance of metal-ion batteries is determined by the rate-limiting step that in various 

cases is associated with the hindered ion transfer across resistive layers5,7,8 due to the strong 

interaction between 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 steps4,9,10 1) ion 

diffusion in the solution bulk; 2) ion desolvation in the vicinity of the SEI(CEI)/electrolyte 

interface; 3) ion transfer through surface layers  4) ion adsorption at the electrode surface (an adion 

formation); 5) surface diffusion of ion that may adjust phase transformation in electrode materials, 

e.g., lithium iron phosphate-based cathode composite LiFePO4
11; 6) charge transfer across the 

electrode/SEI(CEI) interface; and 7) ion solid state diffusion in the electrode lattice. If no 

passivating films are formed at the electrode surface, the intercalation scheme simplifies as step 3) 

is missed and the ion desolvation occurs at the bare electrode/electrolyte interface.  
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K+-ion battery 

The expected advantages of the emerging PIB technology have inspired intensive research 

activity in this field. The abundance of K in the Earth’s crust, K+/K redox potential that is 0.09V 

more negative than that of Li+/Li in carbonate-based electrolyte, and higher ionic conductivity due 

to the smaller Stoke’s radius of the K+ ion compared to Li+ 12 provide impetus for investigation of 

K+-ion intercalation systems. Nevertheless, major drawbacks arising from the electrode instability 

(irreversible structural changes occurring, e.g., in graphite electrode13) and interfacial surface 

chemistry in K+-systems have been reported12,14. The overwhelming problem stands in the large 

resistance detected at the cathode-electrolyte inter electrode/electrolyte interphase (CEI) in K+-ion 

electrolytes whose origin is poorly understood14,15. Moreover, the primary methodological 

examination of electrode materials for K+-ion batteries is typically performed in the K metal anode 

half-cells. In the most cases, the observed capacity fading in such K half-cells is mistakenly 

ascribed to the intrinsic problems of electrode materials such as surface reconstruction or bulk 

structure degradation. More probably the undesirable capacity decay may stem from the high 

charge transfer resistances of the K metal stripping/plating reactions12, as well as from the 

formation of an unstable or highly resistive interfacial film on the K metal electrode surface upon 

electrolyte decomposition14 due 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 dramatic 

capacity fading of the half-cells14,16. However, all these problems involving the huge resistances 

of the CEI layer, the 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 electrochemical 

performance can be at least partially avoided using proper choice of solvent-salt combinations 

which is the important outcome of this study. Since the ultimate selection of the electrolyte solution 

depends on both positive and negative electrodes utilized in K+-ion system, the overview of most 

popular electrode materials for PIBs is presented below. 

Positive electrodes for PIBs 

The comprehensive review was composed by the research group of Komaba17. The positive 

electrode materials might be divided into several groups depending on their structure: layered 

transition metal oxides, Prussian blue analogues (PBAs), polyanionic compounds, and organic 

materials.  

Layered transition metal oxides AxMO2 

The structure of α-NaFeO2-type AMO2 compounds is designed from MO2 slabs comprising 

edge-sharing MO6 octahedra and alkali metals in the interslab gaps. Polymorphism emerges when 

the MO2 slabs are stacked with different stacking sequences along the c-axis direction. Herein, the 
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notation covering the corresponding O3-, P3- and P2- oxide types is described (Figure 2.1a). In 

the O3-type (α-NaFeO2-type) structure, MO2 slabs are disposed along the c-axis with cubic close-

packed (ccp) oxygen sublattice corresponding to an AB CA BC array, while the alkali-metal ions 

are accommodated at the octahedral sites in the interslab space. Each hexagonal unit cell 

encompasses three MO2 slabs. The “O” in O3 type denotes the octahedral sites where alkali-metal 

ions are located and the subsequent number “3” is the number of MO2 slabs comprised in the 

hexagonal unit cell. Large K+ ions generally prefer occupation of trigonal prismatic sites providing 

larger space than the octahedral ones, leading to formation of P-type layered oxides such as P3 

and P2 (β-RbScO2) types. In the P3-type layered oxide, alkali-metal ions accommodate the trigonal 

prismatic sites in the interslab space between the MO2 slabs with the oxygen packing arrangement 

AB BC CA along the c-axis. There are three MO2 slabs in the hexagonal unit cell. In the case of 

the unit cell distortion from the hexagonal symmetry, a prime symbol is added between the letter 

and the number; however, the number of MO2 slabs is counted for a pseudohexagonal unit cell. In 

the P2-type layered oxide, alkali-metal ions occupy the prismatic sites with the oxygen packing 

arrangement AB BA AB along the c-axis.  

The distinct difference in the structural stability of layered alkali metal oxides AMO2 was 

elucidated via the correlation between the ionic radii of the alkali metal atoms (RA+) and transition 

(RM3+) metal atoms18–21 and that between RA+ and the ionicity of the A−O and M−O bonds19,22. 

The ionic radius of Li+ in octahedral coordination (0.76 Å) is similar to those of the transition-

metal ions23. Hence, the mixture of lithium ions with transition metal ions is more favorable to 

form cation disordered rock-salt-type (NaCl type) phases such as α- LiFeO2. On the other hand, 

the Na+ (1.02 Å) and K+ (1.38 Å) ionic radii are larger than those of Li+ and the transition metal 

ions, and consequently, no site-exchange occurs between them.  
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Figure 2.1.  a) Schematic illustrations of the crystal structures of O3-, P3-, and P2-type KxMO2
17 

b) galvanostatic profile of O3-KCrO2 electrode in K cell24 c) cycle performance of the P3-

K0.7Fe0.5Mn0.5O2-nanowire and P3-K0.7Fe0.5Mn0.5O2-particle electrodes in K cell 25 

The only reported O3-KxMO2 are KScO2
26  and KCrO2

27. The former having the electron 

configuration [Ar]4s03d0 should be electrochemically inactive as O3-NaScO2
21. The latter 

exhibited good cycle stability and a reversible capacity of ∼90 mA·h·g−1 with stepwise voltage 

profile in the range of 4.0− 1.5 V vs K+/K24 in K cells (Figure 2.1b) that arises from the complicated 

structural changes (O3−O′3-P′3−P3−P′3−P3−O3 for 1 > x > 0.4 in KxCrO2).  

Two nonstoichiometric Mn-containing layered oxides P′2-type K0.3MnO2
28–30 and P3-type 

K0.5MnO2
31 are reported while the stoichiometric oxide KMnO2 possesses the nonlayered structure 

consisting of chains of [MnO5] edge-sharing square-pyramids32. The K content x might alter the 

structural type of KxMO2 obtained via the solid-state reaction. The synthesized anhydrous P′2-type 

K0.3MnO2 exhibited an orthorhombic lattice with the space group Cmcm29,30 and delivered a 

reversible capacity of ∼70 mA·h·g−1 in 1.5−3.5 V vs K+/K and ∼130 mA·h·g−1 in the extended 

potential range of 1.5−4.5 V vs K+/K in three-electrode K-half cells28. While larger capacities 

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

contrast, the restricted potential range of 1.5−3.5 V vs K+/K resulted in better capacity retention 

without structural degradation. The layered P3-type K0.5MnO2 oxide with a rhombohedral lattice 

(the space group R3m) delivered a reversible capacity of ∼100 mAh g−1 in 1.5− 3.9 V vs K+/K in 

a K half-cell31. The performed in situ XRD measurements for P′3-K0.5MnO2 support that structural 
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changes from the P3- to the O3-type phase occurred via a two-phase reaction for 0.425 > x > 0.395 

in KxMnO2 and from the O3- to O3-like-phase (a phase with larger slab spacing preserving O3-

stacking31) via a two-phase reaction for 0.364 > x > 0.316 in the K deintercalation process31. 

Particularly, the irreversible migration of transition metals from the slab into the interslab 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 P3-KxMnO2 structure in the voltage range of 1.5−3.9 

V vs K+/K. The stacking faults and defects occurred in the structure during K extraction at x > 0.27 

in KxMnO2, resulting in less stepwise voltage profile and capacity fading during cell cycling. 

KxCoO2 compounds crystallize in P′2- and P3- type structures33,34. Both P2- and P3-

K1−xCoO2 delivered the reversible capacities of ∼60 mA·h·g−1 and ∼70 mA·h·g−1 in the potential 

ranges of 2.0−3.9 V vs K+/K and 1.5−3.9 V vs K+/K, respectively35. The K+ ions occupy the large 

prismatic sites instead of octahedral sites compared to small Li+ ions, providing larger interslab 

distances during the charge and discharge processes. The low-voltage operation of both P2- and 

P3-K1−xCoO2 electrode materials would stem from the elongated Co−O distances compared to 

LiCoO2. The stepwise shape of voltage profile probably originates from K+/vacancy ordering. 

Various binary and ternary transition metal systems (including p-block elements) have been 

reported25,36–39 compared to the limited single transition metal systems that were described above. 

Both the P2-K0.7Fe0.5Mn0.5O2 nanoparticles36,37 and P3-K0.7Fe0.5Mn0.5O2 nanowires25 deliver 

reversible capacities exceeding 170 mA·h·g−1 with good cycle stability in the potential range of 

1.5−4.0 V vs K+/K (Figure 2.1c). The enhanced capacity values originate from the specific particle 

size and morphology, while smaller reversible capacities and poor rate performances were 

observed for the micrometer-sized P2-K0.65Fe0.5Mn0.5O2
37 and P3-K0.7Fe0.5Mn0.5O2

25 (Figure 2.1c). 

The micrometer-sized particles P3-K0.54Co0.5Mn0.5O2 delivered the reversible capacity value of 

120 mA·h·g−1 and 100 mA·h·g−1 in K half-cell and full cell with hard carbon negative electrode, 

respectively38. 

Multiple transition-metal systems utilizing the partial replacement with redox-inactive 

metals such as Mg, Cu, Zn, and Te, residing the MO2 slab, tune the K+ ions and vacancy ordering 

in the interslab and, thus, diminish the voltage steps40. The P2-K2/3Ni2/3Te1/3O2 electrode delivered 

a reversible capacity value of 65 mA·h·g−1. While replacing Ni2+ with Zn2+ in the P2- 

K2/3[Ni1/2Zn1/6Te1/3]O2 results in a higher reversible capacity value of 75 mA·h·g−1 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 compounds 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 

AxM1[M2(CN)6]y·nH2O (0 ≤ x ≤ 2, y ≤ 1), where A is an alkali or alkali earth metal, and M1 and 

M2 can be various metals such as Ti, V, Cr, Fe, Co, Ni, Cu, and Zn. The reduced Prussian Blue 

AFe[Fe(CN)6], i.e., all the Fe3+ ions are reduced to Fe2+ ions and, thus, the alkali (x = ∼2) or alkali 

earth (x = ∼1) metal content is enhanced, is called Prussian White A2Fe[Fe(CN)6]. Generally, the 

discussion of PBAs also includes Prussian white compounds. A typical PBA crystal structure has 

a 3D open-framework comprising corner-connected octahedra M1N6 and M2C6 (Figure 2.2a)41. 

Ordinarily, the PBAs have a cubic structure (space group Fm-3m) with the correspondingly 

arranged octahedra. However, the incorporated cations and molecules may promote the octahedra 

rotation with the subsequent structural transformation to monoclinic (space group P21/n) or 

rhombohedral (space group R-3m) distorted PBAs (Figure 2.2b). The PBA structure with open 3D 

channels facilitates the intercalation and diffusion of alkali metal ions with large size like K+. 

Indeed, PBAs possess the electrochemical activity in all alkali metal ion systems (Li+, Na+, and 

K+)42,43. K-poor PBAs exhibit a cubic structure, while K-rich PBA compounds tend to possess 

monoclinic structures, regardless of the drying conditions44–46, due to the large K+ ionic radius. 

The increased value of the Pauli repulsion prevents the lattice shrinkage47, and the formation of a 

rhombohedral lattice with a smaller volume than that of the monoclinic phase.  

Figure 2. 2 Crystal structures of PBAs: (a) cubic and (b) rhombohedral; the blue and pink 

polyhedra depict M1N6 and M2C6, while the yellow spheres represent K metal17 

Another characteristic feature of PBAs is the difference in the spin states of the transition 

metals in the M1N6 and M2C6 octahedra depending on the ligand field. For instance, the transition 

metals Fe and Mn have the high-spin (HS) M1 in the M1N6 octahedron, and the low-spin (LS) M2 

in the M2C6 octahedron owing to their respective weak N-coordinated and strong C-coordinated 

ligand fields48. 
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The electrochemical performance of the PBA electrodes is summarized in the table 2.1. Most 

of PBAs compounds are studied as positive electrodes whereas only Co3[Co(CN)6]2 refers to the 

negative electrode. Besides, K2Zn3[Fe(CN)6]2 possesses the structure different from PBAs. 

Conventionally, electrochemical properties of PBAs are contingent on transition metals; [Fe(CN)6] 

vacancies (due to the significantly declined number of electroactive redox Fe2+ centers in vacancy-

rich materials); particle size; K and interstitial water contents. 

Table 2.1.  Summary of the electrochemical properties of PBAs in PIBs. 

Electrode material Specific 

capacity, 

mA·h·g−1 

Average 

discharge 

voltage, V vs 

K+/K 

Reference 

KxFe[Fe(CN)6] thin film 79 3.7 49 

rGO@KxFe[Fe(CN)6]@steel 97 3.1 50 

KxFe[Fe(CN)6] 111 3.5 51 

KxCo[Fe(CN)6] 60 3.3 51 

KxNi[Fe(CN)6] 64 3.6 51 

KxCu[Fe(CN)6] 35 3.2 51 

KFe[Fe(CN)6] 119 3.5 52 

K1.92Fe[Fe(CN)6]0.94·0.5H2O 128 3.6 46 

K1.89Mn[Fe(CN)6]0.92 142 3.6 45 

K1.75Mn[Fe(CN)6]0.93·0.16H2O 141 3.8 44 

K0.220Fe[Fe(CN)6]0.805·4.01H2O 78 3.1 53 

K0.3Ti0.75Fe0.25[Fe(CN)6]0.95·2.8H2O 138 2.3 54 

K2Zn3[Fe(CN)6]2 67 3.7 55 

Co3[Co(CN)6]2 366 0.6 56 

The choice of transition metal in PBAs alters the values of operating voltages and reversible 

capacities. Figure 2.3 illustrates the charge−discharge curves of PBAs with various transition 

metals: K1.63Fe[Fe(CN)6]0.89 (KFFCN), K1.75Mn[Fe(CN)6]0.93 (KMFCN), KxNi[Fe(CN)6] 

(KNFCN), KxCu[Fe(CN)6] (KCuFCN), KxCo[Fe(CN)6] (KCoFCN), and 

K0.3Ti0.75Fe0.25[Fe(CN)6]0.95·2.8H2O (KTFCN)44,51,54. Ni-, Cu- and Co-based PBAs exhibit 

capacity values in the range of 30−70 mA·h·g−1 attributed to a one-electron LS Fe2+/3+ redox 

process, whereas Ni2+, Cu2+, and Co2+ remain electrochemically inactive. Conversely, Fe-, Mn- 

and Ti-based PBAs reveal high specific capacity values in the range 130−140 mA·h·g−1, 

corresponding to a two-electron redox process comprising both LS Fe2+/3+ and HS M2+/3+ (Fe2+/3+ 
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or Mn 2+/3+ or likely Ti2+/3+) redox reactions. The capacity gathered in the range of 3.75−4.0 V vs 

K+/K corresponds to the redox of LS Fe2+/3+. However, the redox potential of HS transition metals 

varied greatly depending on their nature. Accordingly, the redox of HS Mn2+/3+ occurs at high 

potentials >4 V vs K+/K, while HS Fe2+/3+ and Ti2+/3+ occurred at values of 3.3 and ≤2.0 V vs K+/K, 

respectively. Therefore, Mn-based PBAs seem to be an attractive cathode material for PIBs with 

the enhanced energy density. Furthermore, PBAs reveal excellent long-term cycle stability. For 

instance, KxMn[Fe(CN)6]y·zH2O  (KMFCN) show capacity retention values >90% after 350 cycles 

in 7 mol kg−1 potassium bis(fluorosulfonyl)amide (KFSA) in 1,2-dimethoxyethane (DME) 

electrolyte solution57.  

The operando XRD study of the structural evolution of monoclinic KxMn[Fe(CN)6]y·zH2O 

reveals a reversible transition from the monoclinic to the cubic structure in the lower voltage 

plateau via a two-phase reaction where K content changes in the range of x = 2−144. The further 

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

varies in the range of x =1−0)44. These structural transformations are accomplished with volume 

changes of +14.4 and −6.0% for the monoclinic to cubic and cubic to tetragonal transitions 

respectively.  

The proper particle size selection may tune the electrochemical properties of PBA-based 

cathodes. For instance, KxFe[Fe(CN)6]y·zH2O (KFFCN) exhibits the substantial difference in 

electrochemical performance depending on particle sizes58. The small KFFCN cubes with the 

average size ∼20 nm demonstrate a high reversible discharge capacity of 140 mA·h·g−1 in the K 

cell, while large KFFCN cubes with the size >1.5 μm show a poor capacity value of ∼10 mA·h·g−1. 

The low discharge capacity value of KFFCN with large particle size could be tentatively ascribed 

to the slow solid state diffusion of K+ ions in the KFFCN host. However, the morphology design59 

and transition metal change60,61 may alleviate the slow K+ ion diffusion in PBA framework for 

future use of large PBA particles. 

Thereby, high specific capacity and redox potential values resulting in high energy densities, 

together with the easy scalable and low-cost compound production, result in reasoned option of 

KMFCN as the encouraging cathode material for PIBs. Nevertheless, despite their splendid 

electrochemical performances, PBAs possess several disadvantages: the low tap density, the low 

electronic conductivity due to their open 3D framework structure and chemical-bond character and 

insufficient thermal safety in case of a short circuit. The cyanide groups are released as toxic 

cyanides above 200 °C, which also exothermically react with the electrolyte and cause the 

runaway62. However, the tap density value might be enhanced via spray drying within thermal 

stability of PBA material, the electronic conductivity might be increased via addition of carbon 
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nanotubes to electrode composite and, finally, the suppression of CN groups emission might be 

attained via the utilization of additive acting as scavenger. 

 

Figure 2.3. Charge−discharge curves of PBAs in K cells: (a) KFFCN44; (b)KMFCN44; (c) 

KNFCN51, (d) KCuFCN51; (e) KCoFCN51; and (f) KTFCN54. 

Polyanionic compounds 

Similarly to PBAs, polyanionic compounds possess 3D open framework structures 

comprising MOx (where M = transition metals) and (XO4)n (where X = P, S, Mo, W, As and Si) 

polyhedra. This open structure facilitates fast diffusion of K+ ions. Furthermore, polyanionic 

structures deliver the enhanced redox potential that arises from decreased covalency of the M−O 

bonds due to the highly covalent X−O bonds. The more electronegative element X, the more 

covalent X−O bond. This phenomenon was proposed by Manthiram and Goodenough in the field 

of energy storage materials and called “the inductive effect”63,64. 

Primarily, the potassium-based polyanionic compounds similar to their lithium and sodium 

counterparts were studied as positive electrodes for PIBs. However, a number of structures was 
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observed not to be thermodynamically stable like triphylite KFePO4 (olivine-type structure). 

Others like KFePO4 (SG P21/n), KMnPO4, KFeP2O7, KCrP2O7, and K2MnP2O7 appeared to be 

electrochemically inactive65,66. 

Three kinds of pyrophosphate, KTiP2O7, KMoP2O7 and KVP2O7, with structure related to 

KAlP2O7 (SG P21/c) have demonstrated the reversible K+-ion intercalation, exhibiting reversible 

capacities of 22, 25, and 54 mA·h·g−1 at 50 °C, respectively66. On the other hand, the Fe- and Mn-

based pyrophosphates KFeP2O7 and K2MnP2O7 occur to be electrochemically inactive. 

Some vanadium-based fluorophosphate and oxyphosphate compounds, such as 

K3V2(PO4)2F3, KVPO4F and KVOPO4, have also been studied as positive electrodes for PIBs. 

K3V2(PO4)2F3 have demonstrated the reversible capacity values >100 mA·h·g−1 and the good 

capacity retention of 95% upon 180 charge/discharge cycles. Its crystal structure is built up of 

VO4F2 octahedra and PO4 tetrahedra. The volume change has not exceeded 6.2% during K+-ion 

(de)intercalation. Both KVPO4F and KVOPO4 compounds have a KTiOPO4 (KTP)- type structure 

(SG Pna21), consisting of corner-sharing VO4F2/ VO6 octahedra and PO4 tetrahedra. KTP-type 

structures provide appropriately large channels that alleviate the K+-diffusion. KVPO4F and 

KVOPO4 have exhibited the reversible capacity values of ∼92 and 84 mA·h·g−1 , respectively, 

and high redox potential values ∼4 V vs K+/K. Orthorhombic KFeSO4F with a KTP-type structure 

has exhibited a capacity value of 110 mA·h·g−1 in the first cycle and a capacity retention of 78% 

upon 20 cycles65. 

The electrochemical properties of polyanionic compounds in K cells are summarized in 

Table 2.2. Vanadium-based phosphates and fluorophosphates have demonstrated good 

electrochemical performances in terms of capacity value and operating potential66–69. However, 

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 Mn are more preferable. 

Table 2.2. Summary of electrochemical properties of polyanionic materials for PIBs 

Electrode material Specific 

capacity, 

mA·h·g−1 

Average 

discharge 

voltage, V vs 

K+/K 

Reference 

KVPO4F 90 4.13 67 

KVOPO4 80 4 67 

KVP2O7 61 4.15 66 

K3V2(PO4)3  54 3.5 68 

K3V2(PO4)2F3 104 3.7 69 
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heterosite FePO4 120 2.3 65 

K2FeP2O7 60 2.7 65 

orthorhombic KFeSO4F 100 3.6 65,70 

monoclinic KFeSO4F 50 3.4 65,71 

KMoP2O7 25 2.5 66 

 

Organic compounds and metal-ion frameworks 

Other materials explored as cathodes for PIBs are constituted of organic molecules and 

polymers with carbonyl groups as redox centers. Poly(anthraquinonyl sulfide) (PAQS) delivers a 

reversible capacity value of ∼190 mA·h·g−1 in K cell with electrolyte solution [potassium 

bis(trifluoromethanesulfonyl)- amide (KTFSI) in the mixture of dioxolane and DME] at a current 

rate of 20 mA·g−1 (∼0.1C)72. The mechanism of K+-ion storage in the PAQS electrode is depicted 

in Figure 2.4a. The two voltage plateaus at the charge−discharge profile at 1.5 V and 2.1 vs K+/K 

correspond to the two step (de)insertion of K+ ions (Figure 2.4b). However, PAQS electrode 

dissolution in electrolyte leads to the reduced cycle stability.  

Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) exhibits a reversible capacity value 

of 120 mA·h·g−1 at operating potential of ∼2.4 V vs K+/K at low current density (Figure 2.4c)73. 

However, PTCDA suffers from the substantial capacity decay due to the low electronic 

conductivity and electrode dissolution in the electrolyte. But the annealing the PTCDA powder at 

450 °C results in the increased electronic conductivity value up to 5.3×10−6 S m−1 from 10−10 S 

m−1 74. Furthermore, a reversible capacity value of 123 mA·h·g−1 at 100 mA·g−1 rate after 140 

cycles is attained in K cell with concentrated electrolyte solution (3 mol kg−1 KFSA/DME) (Figure 

2.4d), owing to the suppressed PTCDA dissolution accomplished with the reduced amount of free 

solvent molecules. 

Oxovanadium oxalate phosphates with the general formulas A2[(VO)2(HPO4)2(C2O4)] and 

A2[(VO)2(HPO3)2(C2O4)] have also been examined as the electrodes for PIBs. Generally, these 

materials refer to the metal organic phosphates open framework (MOPOF). Their structure 

consists of [(VO)2(HPO4)2(C2O4)]2 layers with K+ ions located in the interlayer space. However, 

they demonstrate a reduced specific capacity value and a poor Coulombic efficiency in K cells 

with conventional carbonate-based eletrolyte75. 
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Thereby, most organic materials possess low charge/discharge potentials of ∼2−2.5 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 for anodes, owing to the K absence in 

the positive electrode structure.  

Figure 2.4. (a) Mechanism of reversible K+-ion storage in PAQS72; (b) galvanostatic profile of 

PAQS for the initial three cycles in the voltage range of 1.5−3.4 V vs K+/K at a current density of 

20 mA·g−1; 72 (c) Mechanism of K+-ion storage in PTCDA73; (d) galvanostatic curves of PTCDA 

at the potential range of 1.5−3.5 V vs K+/K at a current density of 10 mA·g−1 73 

In summary, K containing layered transition-metal oxides exhibit small specific capacity 

values, low operating potentials, and stepwise voltage profile arising from multiple phase 

transitions. In addition, organic compounds also demonstrate 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 interstitial sites suitable for fast K+-ion 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 metal salt in 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 salts are KPF6, KClO4, KBF4, KN(SO2F)2 

(potassium bis(fluorosulfonyl)imide, KFSI) and KN(SO2CF3)2 (potassium 

bis(trifluoromethanesulfonyl)imide, 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 PIBs12,17. 

The solution structure influences the ion transport, electrolyte stability and electrochemical 

performance of a metal-ion battery. The DFT-molecular dynamics (MD) simulations of KPF6/EC 

localized structures unveil typical solvation structure of K+ ions76. It is not ascribed to a definite 

geometry due to the numerous coordinating oxygen atoms. Though K+ ions prefer the coordination 

numbers of 8, a broader coordination number distribution is reported for K+ ions compared to Li+ 

ions76. 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 solubility of K+ salts in organic solvents arises from the decreased solvation 

energies compared to Li+ and Na+77. The K+-ion desolvation energy values calculated via the gas 

phase approximation varies in the range of 68.9 kJ·mol-1-139 kJ·mol-1 for 27 solvents involving 

carbonate esters and ethers. However, the reduced desolvation energy promotes faster desolvation 

process at the electrode − electrolyte interface17. Thereby, the K+ desolvation process is more 

kinetically favorable compared to that in the Li+- and Na+-systems in aprotic solvents providing 

reliable reason to elaborate high-power PIBs. Albeit insufficient K+-ion solvation leads to bare 

ions that bombard and, thereby, corrode the forming surface layers. 

KPF6-based electrolytes are more often utilized to examine both positive and negative 

electrodes for PIBs because KPF6 salt possesses the electrochemical stability and provides the 

sufficient Al foil passivation to prevent current collector oxidation17, whilst using the KFSI salt at 

the potentials > 4 V vs K+/K results in the drastic Al foil corrosion57. Hereby, KFSI-based 

electrolytes are mainly utilized to probe negative electrode materials. Moreover, the binary-salt 

KFSI-KPF6 solutions could be implemented to attain both stable SEI on graphite negative 

electrode and Al current collector stability78. KClO4 and KBF4 salts are rarely utilized as 

electrolytes for PIBs due to their low solubilities in organic solvents. 

Electrolytes primarily contribute to the film formation on the electrode surface owing to the 

electrolyte decomposition. Solid-electrolyte interphase (SEI) and cathode electrolyte interphase 

(CEI) are formed on the negative and positive electrodes respectively resulting in the irreversible 

capacity loss. However, the formation of stable surface layers with high K+-ion transport properties 

prevents further electrolyte reduction/oxidation and ensures the sustainable battery performance. 

Two approaches may be applied to attain stable SEI/CEI formation together with the sufficient 

K+-ion solvation tuning the composition of electrolyte solution: the additional of special functional 

compound, named as “electrolyte additive”, in moderate quantities and the increase in the salt 

concentration79. 
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Electrolyte additives 

Electrolyte additives are successfully utilized in metal-ion batteries resulting in improved electrode 

kinetics due to the formation of less resistive and stable passivation films80,81. Various compounds 

such as vinylene carbonate (VC), fluoroethylene carbonate (FEC), 1,3-propane sultone (PS), 

etc.82,83 have been examined as the electrolyte additives improving the electrode performance 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 metal-ion batteries over last two 

decades. A small FEC concentration (<2 wt%) was examined in K cells with PBA cathode since 

PBA electrodes exhibit large irreversible capacity in a K cell at high potentials44,46,58. The FEC 

addition enhances the CE values from <60% up to 90%, albeit this increases K cell 

polarization44,46. Furthermore, the elaborated cycle performance is reported owing to suppressed 

irreversible side reactions44,58. However, FEC stimulates the electrolyte decomposition and other 

side reactions at potentials below 2 V vs K+/K resulting in larger electrode polarization and fast 

capacity fading in PIBs44,84. The poor published data provokes the meticulous study of effective 

electrolyte additives for PIBs 

Concentration effect 

The use of highly concentrated electrolytes ( >3 M) leads to the preferential formation of stable 

FSI--derived SEI57,74,85–87. The reversible dendrite-free plating/stripping of a K-metal was reported 

in [5 M KFSI/DME] electrolyte solution owing to FSI--derived surface films85. Fan et al. 

demonstrated the advantages of concentrated ether-based electrolyte [3 M KFSA/DME] over 

conventional carbonate-based electrolyte [0.8 M KPF6/EC:EMC(1:1,v:v)] for the anodes based on 

carbon with oxygen defects86. 3.9 M KFSI/DME electrolyte provides the stable cycling of graphite 

anode in a K half-cell and K full cell with PBA positive electrode57. The K half-cell delivers a 

specific discharge capacity value of 260 mA·h·g−1 and high initial CE value >80%.  

The 3 M KFSI/DME electrolyte enables prominent cycle stability without significant capacity loss 

over 14000 cycles at high current density of 2000 mA·g−1 (Figure 2.5a), while [0.8 M 

KPF6/EC:EMC(1:1,v:v)] electrolyte with conventional concentration delivers poor capacity 

retentions of <50% within 500 cycles. XPS characterization of formed surface layers reveals the 

different SEI composition depending on the electrolyte choice. Figure 2.5b-e illustrates the high-

resolution C1s, O1s, S2p, and N1s XPS spectra of the carbon electrodes retrieved upon 50 cycles. 

In concentrated ether-based electrolyte [3 M KFSA/DME] the electrode surface is primarily 

composed of inorganic salts derived from FSI− anions. The S2p and N1s spectra indicate the 

presence of K2SO4-, K2S-, and N-containing products originating from KFSI-salt decomposition. 

Although the C1s XPS spectrum demonstrates peaks attributed to >C=O and C−O−C bonds owing 

to the DME decomposition. The broad peaks assigned to KHCO3/ROCOOK, >C=O/K2CO3, and 
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C−O−C bonds are observed for the electrodes cycled in [0.8 M KPF6/ EC:EMC(1:1,v:v)]. The O1s 

XPS spectrum supports the presence of RO−COOK and RO-K arising from EC and EMC 

decomposition. These variety in SEI formation is likely due to the different reduction potentials of 

salts and solvents (KFSI, DME, KPF6, EC, and EMC).  

Figure 2.5. a) Cycle performance of the carbonaceous electrode in K cell with [3 M KFSI/DME] 

at 2000 mA·g−1 current density; b) high-resolution 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 

KPF6/EC:EMC(1:1,v:v)]; e) high-resolution S2p and f) N1s XPS curves of the carbonaceous 

electrode in K cell with [3M KFSI/ DME]86. 

Remark on HOMO-LUMO Notation concerning electrolyte stability 

A prevalent number of publications in the metal-ion 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 widespread misconception 

implicates that the electrolyte is reduced at electron energies higher than LUMO and the electrolyte 

is oxidized at electron energy levels lower than HOMO. However, electrolyte stability is much 

more complex issue, concerning not only the redox 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 HOMO – LUMO concepts in terms of electrochemical stability 

window should be avoided88. The HOMO and LUMO notation is deduced from approximated 

electronic structure theory considering the electronic properties of isolated molecules. Hence, the 

energy levels of HOMO and LUMO do not correspond to the electrochemical potentials of species 

participating in sophisticated reactions during the battery operation. By contrast, electrochemical 

potentials are connected to the Gibbs free energy difference of the products and reactants. 

Figure 2.6 illustrates the importance of the comparison 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 reduction is H2O/H2 and that 

for oxidation O2/H2O that limits the electrochemical stability window to 1.23 V instead of ~8.7 V 

derived from electronic structure theory and corresponding to the water band gap88.  

Figure 2.6. Notation for the negative and positive potential limits indicating the electrolyte 

stability and the energy levels of HOMO and LUMO suggested by Peljo et al.88. 

Negative electrodes for PIBs 

Generally, the wide diversity of materials (carbonaceous compounds, K-alloying materials, 

oxides, chalcogenides, polyanionic compounds, and organic materials) are reported as the negative 

electrode for PIBs17. However, the carbonaceous materials attract most research interest as 
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negative electrodes for PIBs due to delivering high specific discharge capacity values, the 

feasibility for fast reversible K+-ion (de)intercalation and the simplicity of production methods. 

Graphite 

Graphite consists of stacked graphene layers bonded by weak van der Waals interactions. The 

carbon atoms within the layer form planar hexagonal structure with sp2 hybridization (Figure 

2.7a,c). The stacking sequence of graphene layers displays an ABAB order along the c-axis with 

an interlayer distance of 3.354 Å (Figure 2.7a,c). Conventionally, graphite powder possesses a 

surface area value of <20 m2·g-1. 

The graphite electrode exhibits the reversible intercalation of K+-ions in K cells13,89,90. The 

observed reversible capacity values in the range of 240−260 mAh g−1 correspond to the theoretical 

capacity of 279 mAh g−1 assuming the formation of KC8 intercalation compound. Galvanostatic 

charge-discharge curves exhibit the stepwise potential changes indicating the stage transformation 

of potassium intercalated graphite host. Generally, the notation of “stages” is utilized to describe 

the forming graphite intercalation compounds (GICs): “the stage n” designates the nth stage with 

a number n of graphene layers between the two closest intercalated layers”. At least the three pair 

of reduction/oxidation peaks are obtained at 0.14/0.29 V, 0.20/0.46 V, and 0.28/0.58 V vs K+/K 

respectively at the differential charge−discharge profile during intercalation/deintercalation 

processes17 (Figure 2.7e). The stage 1 KC8 structure is apparently formed at the end of the 

reduction process13,89,90 and is illustrated in Figure 2.7b,d. During K+ -ion insertion between 

graphene layers the stacking sequence alters into A|A for the intercalated sheets accompanied by 

the increase in the interlayer distance up to∼5.3 Å.90 KC8 possesses the orthorhombic symmetry 

with the layer sequence AαAβAγAδA along the c-axis, where α, β, γ, and δ denote the K layers 

with the identical K+-ion distribution within the plane but with a different stacking order (Figure 

2.7d).  

 

Figure 2.7. In-plane and side views of (a,c) graphite structure and (b,d) potassiated graphite KC8; 

(e) Differential charge−discharge curves of the graphite electrode in a Li cell with 1 M 
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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 mA·g−1 respectively17 

Operando XRD measurements reveal the transformation sequence of potassium GICs within the 

K+-ion intercalation in graphite in the ester-based electrolyte implied graphite → disorderly 

stacked high stage (KC96) → stage 4L - stage 3L (KC96/KC24) → stage 2L(2) (KC28/KC24) → stage 

1 (KC8). The reverse K+-ion deintercalation occurs in order stage 1 (KC8) → stage 2 (KC16) → 

(stage 2L (KC24/KC28)) → stage 3L (KC24/KC42) → stage 4L(KC36/KC56) → disorderly stacked 

high stage (KC96) → graphite90. “L” denotes the “liquid-like” distribution of K atoms between 

graphene layers (implying the absence of visible K atoms ordering in the (a,b)-plane). Figure 2.8 

illustrates the scheme of the proposed graphite structure evolution. The K+-ion intercalation 

process starts with the formation of disorderly stacked high stage with the approximate 

composition ~KC96 by gliding of graphene layers to approach A|A or B|B stacking. Figure 2.8 

depicts the resulted graphite structure as stacked empty and filled interlayers according to Rüdorff–

Hofmann model91. Probably, at this stage K+ ions heterogeneously accommodate positions into 

the graphite framework constituting locally potassium GICs layers with the disordering along the 

c-axis. Further K+ intercalation produces stages 4L–3L, comprising potassium GICs with the 

variable composition in the range of KC96-KC36. The difference in stacking sequences between 

even- and odd numbered stages during subsequent K+-ion insertion is described by the Daumas–

Hérold defect notation. The domains of 4L and 3L stages coexist and are separated by a Daumas–

Hérold wall (Daumas– Hérold type defect) as a domain boundary90. So, the phase transition 

proceeds like a single-phase reaction via migration of the Daumas–Hérold walls which separate 

multiple domains (Figure 2.8). The increase of accommodated potassium atoms results in the 

appearance of the stage 2L (including stage 2) that coexists with stage 3L in the compositional 

range of KC36–KC24. The most of the Daumas–Hérold defects vanish with the formation of a single 

phase of 3D-ordered stage-1 KC8 at the end of the intercalation process. Notably, the reverse 

deintercalation process is accompanied by transformation from stage-1 KC8 into stage-2 KC16 

preserving the ordering within plane. 

The utilized electrolyte solvents affect the potassium GIC evolution during (de)intercalation 

processes. Ex situ XRD data of the K+-ion (de)intercalation into graphite electrodes in K cells with 

dilute ether-based electrolyte solutions unveiled the intercalation of solvated K+ ions. The 

transformation sequence occurs in the order graphite → stage 3 (KC24) → stage 2 (KC24/KC16)→ 

stage 1 (KC8) during the reduction process (corresponding to the intercalation) and vice versa 

during an oxidation process (the deintercalation)92. Moreover, the observed enhanced interlayer 
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distances (12.11 Å) lead to the capacity decay during charging\discharging owing to the large 

volume change and, thus, the electrical isolation of the active particles.  

Figure 2.8. Scheme of the plausible phase evolution of graphite during K+-ion (de)intercalation90 

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

Predominantly, the electrochemical performance of the graphite electrode depends on the electrode 

and electrolyte compositions, on particle morphology, and on the intrinsic structural properties. 

For instance, reduced initial Coulombic efficiency values in the range of 40-60% arise from 

electrolyte decomposition until the formation of a stable SEI on electrode. The formation of 

resistive films on the graphite surface results in capacity degradation during cycles. In addition, 

graphite electrode suffers from exfoliation of layers accompanied by significant electrolyte 

decomposition in K cell with the PC-based electrolyte93. However, the proper electrolyte choice 

might overcome these obstacles. For example, the usage of EC-based electrolyte solutions instead 

of PC-based ones does not lead to the peeling off of graphene layers90. Furthermore, the enhanced 

CE values (>80%) of graphite electrodes in K cells with elaborated electrolyte solutions at first 

cycles are reported12,44,57,89,94. 

To date, high CE values and excellent cycle stabilities have been observed in following electrolyte 

solutions: [1 M KFSI/EC:DEC (1:1 v/v)]89, [7 mol·kg−1 KFSI/DME]57, and 

[KFSI:ethylmethylcarbonate (EMC) (1:2.5, molar ratio)]95. Conventional carbonate-based 

electrolyte solution [KPF6/EC:DEC (1:1, v/v)] could be used to electrochemically examine 

carbonaceous electrodes in K-metal cells12. However, the high impedance value in a K cell with 

[0.8 KPF6/EC:DEC (1:1 v/v)] electrolyte solution is reported96. The utilization of KFSI electrolyte 

salt in the mixture of EC:DEC(1:1, v/v) compared to KPF6 and KTFSI is more beneficial to achieve 

better cycle stability90. The graphite electrode in ether-based electrolyte ([1 M KPF6/DME]97) 
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instead of carbonated-based one exhibited the lower impedance values. The formation of GICs 

during cycling in ether-based electrolytes differs from those observed for potassium GICs in 

carbonate-based electrolytes. Notably, only highly concentrated ether-based electrolytes such as 7 

mol kg−1 KFSA/DME57 facilitate the reversible (de)intercalation of desolvated K+ ions into 

graphite structure. On the other hand, both K+ ions and electrolyte solvent molecules are inserted 

into graphite framework in dilute ether-based electrolytes such as 1 M potassium 

trifluoromethanesulfonate (KOTf)/diethylene glycol dimethyl ether (diglyme)92 and 1 M 

KPF6/DME.  

Constituents of electrode composite such as a binder and a conductive additive also influence the 

electrochemical properties of graphite in K cells. The utilization of sodium polyacrylate (PANa) 

and sodium carboxymethylcellulose (Na-CMC) results in the enhanced CE values (79 and 89% 

respectively) in K||graphite cells compared to the CE value of 59% for a conventional 

poly(vinylidene fluoride) (PVdF) binder89. The deteriorated performance of graphite electrode 

with PVDF binder might originate from incomplete and unstable surface passivation or from 

insufficient mechanical strength against large volume 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 cycles94. 

Furthermore, the reported large reversible capacity values96 exceeding the theoretical capacity 

value of 279 mAh g−1 originate from the contribution of the carbon conductive additive. Xing et 

al.98 demonstrated that the carbon black electrode (Super C45, Imerys Graphite and Carbon), 

comprising 10 wt % of Na-CMC as a binder, delivered reversible capacity values of 268 mAh g−1 

at the first cycle at the current rate 27.9 mA g−1. The capacity value is reduced to 235 mAh g−1 at 

the 100th cycle upon subsequent cycling at the current density 279 mA g−1. The carbon black 

electrode delivers low initial CE values (47.6% for Super C45, Imerys Graphite and Carbon98; 

20% for carbon-black-like material exhibiting an onion-like structure99) owing to its large surface 

area and, hence, amplified electrolyte decomposition. Nevertheless, carbon black addition 

improves the cycle stability of a graphite electrode since it serves an electric conductive agent 

between the active material particles during K+-ion (de)intercalation that is accompanied with the 

huge volume changes. Thus, optimization of the electrode composition is required to achieve a 

good cycle stability and high CE values of a graphite electrode in K cells. 

The graphite particle morphology tunes its electrochemical performance in K cells90. The smaller 

particles (3 µm) with higher surface area values promote the electrolyte decomposition resulting 

in reduced CE value of 60% compared to larger particles (the CE value of 76% for particles with 

both sizes 15 µm and 30 µm)90. Whereas, the initial capacity value of 240 mAh g−1 remains 

independent from particle morphology. Remarkably, the increase in the capacity retention values 
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from 85% to 96% upon 30 cycles is achieved by the utilization of the smallest graphite particles 

(3 µm). 

The structural properties of graphite also influence its electrochemical performance in K cells17. 

Graphite with a small interlayer distance (d002) of 3.355 Å delivers the best cycle performance. 

The capacity retention is decreased in the interlayer distance order 3.355, 3.360, and 3.366 Å. 

Hence, the graphite structure with an average small d002 is more favorable for reversible K+-ion 

(de)intercalation at room temperature. Table 2.3 summarizes the electrochemical properties of 

graphite electrode in K cells with various electrolytes. 

Table 2.3. Summary of the electrochemical properties of graphite negative electrodes 

Electrolyte Binder Specific 

capacity, 

mAh·g−1 

Coulombic 

efficiency, % 

Reference 

0.7 M KPF6/EC:DEC (1:1, 

v/v) 

Na-CMC 280 (C/10) 92 44 

1 M KFSI/EC:DEC (1:1 v/v) PVDF 240 (C/10) 60 90 

1 M KFSI/EC:DEC (1:1 v/v) PAN 240 (C/10) 88 90 

0.8 M KPF6/EC:DEC (1:1 

v/v) 

PVDF 240 (C/10) 42 90 

1 M KTFSI/EC:DEC (1:1 

v/v) 

PVDF 240 (C/10) 49 90 

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) Na-CMC 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/v) PAN 220 (15C)  89 

0.8 M KPF6/EC:DEC PAN 250 (C/10) 65 57 

7 mol·kg−1 KFSI/ DME PAN 260 (C/10) 81 57 

KFSI:EMC (1:2.5, molar 

ratio) 

Na-CMC 250 (C/3) 60 95 

N-butyl-N-methyl 

bistrifluoromethane-sulfonyl 

imide (Pyr14TFSI) + 0.3 M 

KTFSI + 2wt.% ethylene 

sulfite (ES) 

Na-CMC 270 (C/27) 82 94 
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1 M KPF6/EC:DEC (1:1, v/v) PVDF 240 (C/12) 47 100 

1 M KPF6/EC:PC (1:1, v/v) PVDF 240 (C/12) 67 100 

1 M KPF6/EC:DMC (1:1, v/v PVDF 220 (C/10) 43 100 

1 M KPF6/DME Na-CMC 108 (1C) 87 97 

1 M KPF6/EC:DMC(1:1 v/v) Na-CMC 135 (1C) 70 97 

 

Hard carbon 

Hard carbon (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 even 

upon annealing at temperatures ≥3000°C and, hence, HC is also called non-graphitizable 

carbon101.  

The Raman spectrum of HC powder (Figure 2.9a) shows two characteristic broad bands 

located at ~1350 cm-1 (D-band) and at ~1580 cm-1(G-band). Defect-free graphite exhibits two 

Raman-active E2g vibrational bands arising from the carbon atoms with D6h symmetry. Generally, 

one of them, the E2g2 band, is typically denoted as the G-band102. Defects induce the appearance 

of the additional D-band. The emergence of the D-band was initially thought to originate from 

disorder and symmetry reduction, that cause inactive modes becoming Raman-active103. Hence, 

the D-band intensity has been utilized to estimate the disorder degree in the hard carbon structure. 

However, the D-band origin is attributed to a so-called double resonance104, but defects are still 

required for the double-resonance Raman (DRR) process. The D-band arises from a coupled 

resonance between 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 band. 

The further interaction between the excited electron and the lattice result in the phonon annihilation 

by inelastic electron scattering. Thereafter, defects elastically scatter the electron, transferring it to 

a virtual state in the vicinity of the initial momentum, but with a slightly increased/decreased 

energy. The subsequent recombination 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 of 

the DRR process. 
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Figure 2.9. a) Typical Raman spectrum of hard carbon structure105; b) schematic illustration of a 

DRR process and c) respective Goldstone diagram. Notably, the depicted process is not the only 

possible DRR route102.  

Relation between synthesis conditions and HC properties  

The hydrothermal carbonization (HTC) technique is beneficial for HC material production for the 

sake of sustainable energy storage since it has advantages such as lower energy consumption and 

less gas emission over pyrolysis106,107. The composition, morphology, size, and other properties of 

obtained HC can be tuned by adjusting reaction conditions, such as temperature, synthesis duration 

(or also called residence time), precursor material concentration, and pH106,107. 

HTC implies the 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 organic compounds, 

which can be further catalyzed by acids or bases106,107. The formation of organic acids (e.g., acetic, 

formic, and lactic acids) is accompanied with the decline in pH-value 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 and 

pressure approach an appropriate level, volatile products are emitted and organic precursors are 

converted to solids. The porosity of hydrothermal carbons is produced at this ‘fragmentation’ stage 

as generated gaseous products create pores host structure. Sevilla and Fuertes have inferred the 

formation mechanism can as follows: (1) the dehydration and cracking, (2) the polymerization and 

condensation, (3) the aromatization, and (4) the nucleation and subsequent chain propagation108,109. 

The temperature is the most essential parameter in 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 unstable 
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volatile compounds are designated as the secondary reactions106. The higher temperature values 

promote the enhanced product yield since there is the extra energy to destroy the biomass bonds. 

On the other hand, the temperature increase often results in the reduced product yield. The origin 

might be the dissolution of total organic carbon, including sugars and organic acids. Sun et al. 

obtained the extremely high product yields at temperatures below 200°C110. 

Furthermore, temperature influences the particle morphology. The particles derived from cellulose 

upon HTC at a low temperature of 160 °C resemble the parent framework. The increase in 

temperature up to 220 °C cause the formation of spherical-like particles111. The further temperature 

increase promotes the gas product emission leading to more pores in the structure and, hence, in 

the enlarged surface area. 

The HTC duration or residence time affects the properties of obtained compounds. The product 

yield declines with the increased HTC duration. Since longer HTC duration results in the 

polymerization of dissolved fragments in water, forming the secondary products with a 

polyaromatic structure106. Furthermore, the residence time also determines the particle size due to 

the excessive polymerization (Figure 2.10). The increased HTC duration leads to the broader 

particle size distribution112. The duration time affects the reaction end point, specific surface area, 

and pore volume, owing to the structural melting, elemental realignment, and shrinkage113. 

The size of microspheres increased at higher precursor concentration when easily dissolved 

carbon-sources were utilized (glucose and sucrose). However, the relation between particle size 

and precursor concentrations depends on the raw material. The enhanced precursor concentrations 

of cellulose lead to the smaller microspheres106. pH-value also may control the particle size: the 

addition of different amounts of oxalic acid (C2H2O4) varies the size of HC derived from glucose 

in the range of 0.5–0.8 μm114. 
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Figure 2.10. Scanning electron microscopy (SEM) images of hydrothermal carbons derived from 

glucose (a, c, e) and saccharose (b, d, f) upon different HTC duration: (a, b) during 12 h; (c, d) 

during 24 h; (e, f) during 48 h112. 

Generally, the synthesis of HC proceeds via two-step heat-treatment comprising pre-heating step 

(I) and carbonization step (II). To approach stable and profitable cycling of HC electrodes in K 

cells, all synthesis parameters (pre-heating temperature TI, pH, type and concentration of 

precursors, duration time, carbonization temperature TII) should be probed. 

HC derived from various carbon-sources: rice-starch28, oak115, waste-tire rubber116, cellulose117, 

skimmed cotton118, potatoes119, loofah120, and maple leaves121 possessed diverse morphology 

(chunks; mesoporous bulk structure; crumbly chunks; chunks; tubular; mesoporous chunks, 

hollow tubular framework, respectively) and was examined in K+-ion system. Figure 2.11 

illustrates the morphology of obtained HC powders. None of them resembles the spherical particles 

synthesized from simple sugars such as glucose and saccharose. Table 2.4 summarizes the 

electrochemical properties in K cells for HC obtained from various carbon-sources. The cellulose- 

and skimmed cotton-derived HC electrodes deliver the better electrochemical performance in 

terms of specific capacity values and cycle stability. The former demonstrates the initial discharge 

capacity value of 290 mAh·g−1 with CE value of 83% in a K cell with [1 M KFSI / EC:DEC (1:1, 
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v:v)]117. The latter exhibits the specific discharge capacity value of 235 mAh·g−1 with CE value of 

73 % in a K cell with [1 M KPF6/DME] at the first cycle. 

 

Figure 2.11. SEM images of HC derived from: (a) rice-starch28; (b) oak115; (c) waste-tire rubber116; 

(d) cellulose117; (e) skimmed cotton118; (f) potatoes119; (g) loofah120; and (h) maple leaves121. 

Table 2.4. Summary of electrochemical properties of HC obtained via different synthesis 

conditions. 

Carbon 

source 

Synthesis 

conditions 

binder Electrolyte Initial specific capacity, 

mAh·g−1 

CE, 

% 

Refer

ence 

rice-

starch 

TI=230°C 

(air; 4h), 

TII=1100°C 

(Ar; 1h) 

PVDF 

1.5 M KFSI / 

EC:DMC 

(1:1, v:v) 

200 (C/10) 50 28 

oak 

TI=600°C 

(N2, 12 h), 

TII=1100°C 

(Ar; 6h) 

PVDF 

0.4 M KPF6 / 

EC:DEC 

(1:1, v:v) 

233 (C/13) 56 115 

waste-

tire 

rubber 

TI=120°C 

(H2SO4; 12 

h), 

TII=1600°C 

(N2) 

PVDF 

0.8 M KPF6 / 

EC:DEC 

(1:1, v:v) 

181 (C/10) 37 116 

cellulose 

TI=275°C 

(air; 12 h), 

TII=1500°C 

(Ar; 1h) 

PAN 

1 M KFSI / 

EC:DEC 

(1:1, v:v) 

290 (C/12) 83 117 
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sucrose 

TI=275°C 

(air; 12 h), 

TII=1500°C 

(Ar; 1h) 

PAN 

1 M KFSI  / 

EC:DEC 

(1:1, v:v) 

240 (C/10) - 117 

skimmed 

cotton 

TI=900°C (2 

h), 

TII=1200°C 

(Ar; 2h) 

Na-

CMC 

1 M 

KPF6/DME 
235 (C/6) 73 118 

potatoes 

TI=500°C 

(Ar), 

TII=1000°C 

(Ar; 2h) 

PVDF 
3 M 

KFSI/DME 
270 (C/3) 43 119 

loofah 

TI=60°C 

(alkali,48h), 

TII=1000°C 

(N2; 2h) 

PVDF 

1 M KPF6 / 

EC:DMC 

(1:1, v:v) 

155 (C/1.5) 38 120 

maple 

leaves 

TII=700°C 

(Ar; 7h) 
PVDF 

1 M KClO4 / 

EC:DEC 

(1:1, v:v) 

283 (C/6) 30 121 

 

The hard carbon microspheres are derived via the HTC of sucrose at TI=195 °C followed by 

annealing at TII=1100 °C under Ar atmosphere (Figure 2.12a)122. The HC electrode demonstrated 

sloping curves at 1.25−0.3 V vs K+/K and plateau regions at 0.2 and 0.33 V vs K+/K during the 

intercalation and deintercalation, respectively (Figure 2.12b)122. The specific discharge capacity 

value was observed to be 260 mA·h·g−1 at the first cycle in K cell with [0.8 M KPF6/ EC:DEC(1:1, 

v:v)]. The substitution of PVDF binder by Na-CMC improves the initial Coulombic efficiency 

value from 49% to 76%122,123. 
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Figure 2.12. (a) SEM image and (b) the first three charge/discharge cycles of sucrose -derived HC 

in a K cell with [0.8 M KPF6/ EC:DEC(1:1, v:v)]122 

The cross-linkage process is proposed to influence the resulted HC structure. Preheating procedure 

at TI=275 – 300 ⁰C in air leads to the dehydration and crosslink between the polymer chains 

resulting in the larger pores, the increased interlayer distance between the stacked carbon layers, 

and the higher specific capacity values117. The carbonization of the pristine cellulose without 

preheating produces the dense host with smaller pores exhibiting the reduced specific capacity 

values117.  

The increased carbonization temperature results in the reduced surface area, the decreased 

interlayer space, and the enhanced micropore radii117. The specific discharge capacity of HC 

electrode in a K cell increases from 50 to 290 mA·h·g-1 with raising carbonization temperature in 

the range of 700-1500°C (Figure 2.13a)117. The highest initial CE of 83% is attained via preheating 

treatment at TI=275°C with subsequent annealing at TII=1500°C for cellulose-derived HC 

electrode117. Besides, good cycle stability and higher CE >99.5% are observed upon 50 cycles 

(Figure 2.13b)117. HC electrodes demonstrate larger reversible specific capacity values compared 

to the graphite electrode. 
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Figure 2.13. (a) Charge−discharge curves of cellulose-derived HC (TI=275°C) after annealing at 

700−1500 °C and (d) capacity retention of the HC (TI=275°C; TII=1300 °C) with 5 wt % PANa 

binder in K cells with [1 M KFSI /EC:DEC (1:1, v:v)]117 

The similar study of carbonization temperature TII impact on sucrose-derived HC (TI=180°C) was 

conducted124. The enhanced carbonization temperature TII results in the increased number of 

stacking sp2-carbon layers, the reduced interlayer distance, the enlarged domain size, and reduced 

amount of carbon defects. Concomitantly, hydrogen content declines with annealing temperature  

TII increase, while micropores expand and are closed against nitrogen and oxygen molecules above 

1100°C and against helium atoms above 1300°C124. The specific surface decreases without a 

significant variation in the HC microsphere size. Hence, sucrose-derived HC after carbonization 

temperature TII in the range of 700−1300°C possesses the microstructure with smaller open 

micropores and smaller graphitic layered domains comprising carbon vacancy and hetero atoms 

resulting in sloping potential curves and large initial irreversible capacities. The increase in 

carbonization temperature TII up to 1300−2000 °C leads to HC with larger and thicker stacking of 

graphitic planes and closed larger micropores124. The K+-ion intercalation into the large interlayer 

space of defective carbon layers prevails for HC samples obtained after annealing at TII=700°C-

900°C, but K+-ion insertion into the narrow spacing between graphitic planes dominates for the 

HC annealed at TII=1100°C −2000°C124. Thus, the precise optimization of synthesis parameters is 

required to obtain HC material for PIBs. The analysis of published data indicates the attractive 

temperature range for HC powder annealing resides at 1100-1500°C1. The decreased annealing 

temperature resulted in poor electrochemical performance in K cell. Further enhanced annealing 

temperature is undesirable owing to K+-ion battery development at affordable cost for the needs 

of stationary energy storage. Thus, 1200°C and 1500°C chosen to obtain a clue about best synthesis 

conditions of HC powder. 

Mechanism of K+-ion storage in HC  

The K+-ion storage mechanism identification in HC host is sophisticated owing to the diverse 

variety of structures obtained via different synthesis conditions as described above. HC consists 

of abundant defects, edges, functional groups, randomly stacked graphene layers, and a large 

amount of nanopores, that provide active storage sites. Various storage scenarios have been 

proposed, involving adsorption on defects, edges, and functional groups; intercalation between 

sp2-carbon layers, and filling into nanopores (Figure 2.14)125–127. 

Generally, defect/ heteroatom adsorption mainly corresponds to the slope capacity for K+-

ion storage, while pore filling process is responsible for the plateau region at the charge/discharge 
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profile. The filling of enough large K+ ions into the pores results in a stronger coordination of K+ 

ions with pore walls, resembling the intercalation of K+ ions in graphite. Furthermore, the K+-ion 

intercalation between graphene layers significantly contributes to the plateau region. Hence, two 

main mechanisms have been considered to influence the electrochemical performance of batteries: 

a surface-induced capacitive process and diffusion-controlled intercalation process125–127. The 

contribution of surface-induced capacity increases with a higher specific surface area, that might 

be achieved by reducing the size of active materials or introducing a porous structure125,126. 

Therefore, the HC structure is adjustable to maximize the contribution from the selected storage 

type depending on synthesis conditions. 

Figure 2.14. Schematic of the mixed mechanisms of K+-ion storage for (a) HC obtained from Al-

based MOF126 and (b) sucrose-derived HC127. 

Herein, in this thesis HC is selected as the negative electrode due to its ability to sustain fast 

and reversible K+-ion intercalation required for stable performance of PIBs128,129 compared to 

graphite which experiences a large volume expansion in K+-systems13 and, therefore, could not be 

implemented in PIBs despite its potential simplicity for 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 of PIBs117,123,128. High ICL accompanied by low CE originates from irreversible 

reactions that could 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 PIBs depends on solubility, uniformity, and K+-ion 

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 layer 

composition and, thereby, its properties. To date, the reported literature covering the 

characterization of SEI formed in K+-ion systems is limited. 

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

by hard X-ray photoelectron spectroscopy (HAXPS) and time-of-flight secondary ion mass 

spectrometry (TOF-SIMS)117. Figure 2.15a shows the C1s HAXPS spectrum of HC electrode 

retrieved upon 10 cycles delivering the specific discharge capacity value of 215 mA·h·g-1 and the 

CE value of 84%. The observed peaks are attributed to the −CH2-COO−, R-OK, −C(=O)−, and 

−OC(=O)O− bonds indicating the presence of alkyl carbonates and alkoxides, due to PC 

decomposition. The F1s spectrum displays peaks attributed to the KF and −SOxF species, 

originating from the FSI− anion decomposition (Figure 2.15b). The S1s spectrum exhibits peaks 

ascribed to −SO2F, −SO2−, >S=O, S0 and KxSy supporting the formation of the anion-derived SEI 

film (Figure 2.15c). The presence of peaks corresponding to S0 and KxSy are reported to be 

characteristic of anion-derived SEI layers formed in the highly concentrated TFSI- and FSI-based 

electrolytes in Li+-ion130 and Na+-ion131,132 systems. Good electrochemical HC behavior is 

tentatively attributed to the prevailing contribution of the FSI--anion decomposition products in 

the SEI formation that is consistent with other reported excellent performances of negative 

electrodes in K cells with KFSI-based electrolyte solutions57,85,86. 

The TOF-SIMS measurements mainly reveal the presence of inorganic fragments (e.g., K2O, and 

KF) owing to higher solubilities of the potassium organic compounds (e.g., potassium alkyl 

carbonates and potassium alkoxides)117. The schematic composition of SEI layer formed in K cell 

is presented in Figure 2.15d. In the K cell, the SEI film comprises the inner 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 in Li+- and Na+-systems117 unveils different 

surface chemistries depending on the alkali metal ion. Hence, the optimal combination of salts, 

solvents, and additives should be unique for successful surface passivation in K+-ion systems.  
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Figure 2.15. a) C1s, b) F1s, c) S1s HAXPS spectra of HC electrode and d) the schematic 

illustration of the SEI composition formed on the HC electrode cycled in K cells with [1M 

KFSI/PC] at the potential range 2.0−0.002 V vs K+/K117 

The rigorous comparison of surface layers formed on lignin-derived HC in four different 

electrolyte solutions [0.8 M KPF6/ EC:DEC(1:1,v:v)], [1 M KFSI/ EC:DEC(1:1,v:v)], [1 M KPF6/ 

DME], and [1 M KFSI/ DME] was conducted by Wu, et al.133. The surface chemistry 

characterization was performed by using XPS and high-resolution transmission electron 

microscopy (HRTEM).  

Figure 2.16 illustrates the XPS analysis of HC electrodes cycled in four electrolytes. The 

C1s XPS spectra of all samples exhibit peaks corresponding to K2CO3, RCOOK, C–O, C–C, C–H 

bonds. C–C and C–H bonds correspond to the sp2-carbon content in the SEI layer. The peaks 

referring to the C–O, C=O bonds, and K salt are observed in the O1s XPS spectra. However, the 

peak corresponding to RO-COOK only emerges in carbonate-based electrolytes, while peak 

attributed to R-OK appears only in ether-based electrolytes. The F1s spectra of HC electrode 

cycled in KPF6-contained electrolytes display peaks corresponding to KxPFy, KxPOyFz, K-F bonds, 

while the F1s spectra of samples cycled in KFSI-based electrolytes contains only peaks attributed 

to -SOxF and K-F bonds133.  

The electrolyte solution structure adjusts the reduction potential of its components. The 

electrolyte constituents should decompose in the order: FSI-, EC, DEC, DME, PF6
-, thus, 

contributing to the SEI formation134. The higher reduction potential of FSI- than DME, results in 

the highest KF content ratio in [1 M KFSI/DME]. Furthermore, FSI- anions might suppress the 
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DME decomposition by surface passivation and, thereby, prevent the reaction between solvent 

molecules and bare electrode. The R-OK content arising from DME decomposition decreases after 

substitution of KPF6 with KFSI in the electrolytes, indicating the “inhibitory effect” of FSI- anions 

over DME decomposition (Figure 2.16). The suppression of solvent decomposition is also 

observed in carbonate-based electrolytes utilizing KFSI salt leading to the FSI—derived SEI 

formation. In contrast, the formation of unstable organic SEI film likely originates from the 

primary solvent reduction135.  

Figure 2.16.  C1s, O1s and F1s XPS spectra of HC electrode cycled in four electrolyte solutions133 

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 2.17)133. The thickest SEI layer is evidenced 

on HC surface in [0.8M KPF6/ EC:DEC (1:1, v:v)] (Figure 2.17a). The SEI thickness decreases 

for HC electrodes 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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KPF6 salt and DME solvent (Figure 2.17c). In [0.8M KPF6/ EC:DEC (1:1, v:v)] the SEI 

composition mainly consists of organic compounds such as (CH2OCOOK)2 arising from EC 

decomposition. The substitution of KPF6 with KFSI in carbonate-based electrolyte results in the 

predominant content of KF owing to FSI-- decomposition, followed by (CH2OCOOK)2 and 

C2H5COOK from EC and DEC decomposition, respectively. While in [1 M KFSI/ DME] only 

electrolyte salt contributes to the SEI film with a higher KF content (Figure 2.17d).  

Figure 2.17.  HRTEM images of HC electrodes after 5 cycles in a) [0.8 M KPF6/ EC:DEC (1:1, 

v:v); b) [1 M KFSI/ EC:DEC (1:1, v:v)]; c) [1 M KPF6/ DME]; and d) [1 M KFSI/DME]133.  

The measured interlayer distance in typical selected areas of cycled lignin-derived HC 

indicates the smallest spacing in the range of 3.42–4.36 Å for the electrode cycled in [0.8M KPF6/ 

EC:DEC (1:1, v:v)]. Whereas, the largest graphite-like nanocrystals are preserved (Figure 2.17a). 

The bright and sharp diffraction rings in its SAED pattern indicate the higher graphitization 

degree136. Hence, HC cycled in carbonate-based electrolyte with KPF6 salt maintains the most 

layered structure, implying the intercalation of desolvated K+-ions through organic SEI instead of 
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chelated K+(EC)2. In contrast, HC anode upon cycling in [1M KPF6/ DME] shows the largest 

interlayer distance, probably owing to co-intercalation of the solvated K+(DME)4. 

The XRD data indicate that the lignin-derived HC undergoes smaller volume change in 

KFSI-contained electrolytes than in KPF6-based counterparts133. Compared to the HC before 

cycling (4.04 Å), the calculated average d-spacings enhances in the order 3.84, 3.84, 3.87, 4.02 Å 

for anodes cycled in [0.8 M KPF6/ EC:DEC (1:1, v:v)], [1 M KPF6/ 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 KPF6 /DME] whilst K 

cell with other electrolytes exhibit the initial CE value in the range of 45-52%. However, the worst 

cycling stability is evidenced for HC in [1 M KPF6 /DME]. 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 cycles. It might be attributed to the KF-based SEI 

formation and sufficient solvation of K+-ions by EC molecules. The SEI film with high KF content 

might effectively separate the HC surface from the organic solvents, suppressing further solvent 

decomposition. Moreover, since FSI--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 K+-ions. In addition, EC molecules have steric hindrances to co-intercalate into 

HC host compared 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 

al.133. 

The properties of formed SEI layers have crucial impact on battery performance. They may 

both promote or suppress the continuous decomposition of electrolyte components, electrode 

deactivation (e.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 Li+- and Na+-systems is not suitable due to different surface 

chemistries as it was mentioned above. To date, the reported studies concerning the evolution of 

surface layers in PIBs are limited. Besides, other approaches such as electrolyte additives and salt 

concentration increase are anticipated to examine to improve the SEI film characteristics. To sum 

up, further research aiming the SEI formation on the HC surface in K+-ion systems is required 

since most features of processes occurring at the electrode/electrolyte interface remain vague.  
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Figure 2.18.  The schemetic illustration of the SEI layer formation and degradation mechanisms 

on lignin-derived HC electrodes cycled in K cells with the four electrolytes133 

Motivation and objective 

PIBs have attracted significant research interest during last decade due to its low cost 

combined with competitive energy density characteristics compared to Li-ion batteries. Hence, 

one of feasible PIB application relates to the stationary 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 Electrolyte Interphase (SEI) and Cathode Electrolyte Interphase (CEI) layers on 

surfaces of negative and positive electrodes respectively. Furthermore, carbonaceous anodes 

delivering high specific capacity values experience own obstacles. For instance, graphite 

undergoes large volume change during K+-ion (de)intercalation process resulting in an unalterable 

degradation of K cells. On the other hand, HC electrodes deprived of such challenge demonstrates 

the enormous irreversible capacity loss with low CE values at the first cycles. 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 surface film cracking leads to the 

presence of bare spots on electrode that are 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 
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the published advantages of KFSI-contained 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 further PIB commercialization. Hence, KPF6 

electrolyte salt providing the aluminum passivation is used in present research. Other strategies to 

develop new generation electrolyte for PIBs comprise solvent change, the enhanced salt 

concentration, and the utilization of electrolyte additives. Herein, all these approaches are 

explored. Diglyme-based electrolyte might expand the solubility of KPF6 salt. So, the research 

objective aims to examine the impact of KPF6 salt concentration on both positive and negative 

electrode performance in K cells utilizing diglyme-based electrolyte solutions. Fluoroethylene 

carbonate (FEC) and vinylene carbonate (VC) additives (popular electrolyte additives in Li+-ion 

batteries) are also tested. The main objective of the study is to probe the formation of surface films 

on HC electrode using scanning electron microscopic, X-ray photoelectron spectroscopic, in situ 

atomic force microscopic, and various transmission electron microscopic techniques. The obtained 

results might assist in the design of full K cell. Moreover, the synthesis conditions tune the resulted 

hard carbon properties as negative electrode for PIBs. Hence 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 superb 

electrochemical performance via tuning its composition and probing the surface layers formed on 

electrode surfaces.   
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Chapter 3. Methodology and techniques 

Synthesis methods, electrode and electrolyte preparation procedures 

KMFCN 

K1.44Mn(Fe[CN]6)0.90.4H2O (KMFCN) was prepared by a precipitation method1. 4 mmol 

of K4Fe(CN)6 (Ruskhim, >98%) was dissolved in 160 mL of saturated KCl (Sigma Aldrich, 

>99.5%) solution at room temperature. 4 mmol of MnCl24H2O (Sigma Aldrich, >99%) was 

dissolved in 80 mL of water. Then, the solutions were slowly mixed together dropwise under 

magnetic stirring. The obtained white precipitate was aged for 4 hours, centrifuged, washed with 

deionized water and dried overnight at 100 °C under vacuum.  

KVOPO4 

KVOPO4 (KVPO) was prepared by thermal decomposition of hydrothermally synthesized 

K3(VO)(HV2O3)(PO4)2(HPO4) ( = ”KVOPO41/3H2O”) precursor2. First, V2O5 (Sigma-Aldrich, 

>99.6 %), KH2PO4 (Sigma-Aldrich, >99 %), K2HPO4 (Sigma-Aldrich, >99 %) and oxalic acid 

(Sigma-Aldrich, anhydrous >99 %) were dissolved in 30 ml of deionized H2O under vigorous 

stirring at 25°C according to the following molar ratio:  

V2O5 + 3KH2PO4 + 3K2HPO4 + 1.5H2C2O4 + 300H2O 

Then the mixture was transferred to a 50 ml Teflon-lined stainless-steel autoclave, sealed 

and kept at 160°С for 16h under intense stirring. The resulting KVOPO41/3H2O precursor was 

washed with water and acetone and heated up to 650°C (3°/min) in Ar flow (10 ml/min) followed 

by quenching to room temperature to yield KVOPO4. To obtain a carbon-coated KVOPO4/C 

composite for further electrochemical measurements, KVOPO4 was ground with 12.5 wt.% D-

glucose and heated to 650°C (3°/min rate) in flowing Ar (10 ml/min). The residual carbon content 

was determined by thermogravimetric analysis to be approximately 5 wt. %. 

Hard carbon 

Hard carbon (HC) microspheres were prepared via a hydrothermal method from D-glucose 

(Sigma Aldrich, >99.5%) followed by pyrolysis. The mixture of 9 g of D-glucose 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 in H2O) or 0.5 g of citric acid C6H8O7H2O (Ruskhim, 99%). 

The hydrothermal carbonization (HTC) was carried out at temperature TI=180°C or 200°C. The 

residence time was applied from the set of (8h; 16h; 24h). After the hydrothermal synthesis, a dark 

 
1 Batch of K1.44Mn(Fe[CN]6)0.90.4H2O powder was synthesized by Dmitry Rupasov and Polina Morozova 

 
2 KVOPO4 was synthesized by Nikita Luchinin and Stanislav Fedotov 
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precipitate was obtained. The powder was centrifuged and washed with deionized water several 

times, dried in air and annealed in a tubular furnace at TII=1200 °C or 1500°C for 5 h in flowing 

Ar.  

Electrode preparation  

The KVOPO4/C (KVPO) powder was mixed with Super P carbon (Timcal) and 

polyvinylidene fluoride (PVDF: Sigma Aldrich) in the 60:30:10 mass ratio and afterwards with 1-

methyl-2-pyrrolidinone (NMP: Acros organics, extra pure, 99%) in a SPEX 8000M high-energy 

ball mill for 5 min. The resulting electrode slurry was spread on carbon-coated aluminum foil 

(MTI, 18 μm) and subsequently dried at 60°C. Finally, the electrodes were dried at 120°C under 

vacuum overnight. The same electrode preparation technique was applied to the 

K1.44Mn(Fe[CN]6)0.90.4H2O (KMFCN) and HC powders while using a different electrode slurry 

composition (KMFCN: Super P carbon: sodium carboxymethyl cellulose (Na-CMC: Sigma 

Aldrich) = 60:30:10, mixed in deionized water and HC:Super P carbon: Na-CMC = 80:10:10 in 

water, respectively). The electrode loading for KVPO was in the range (1.4-1.8 mg·cm-2), for 

KMFCN - in the range (1.2-1.9 mg·cm-2); for HC – in the range (0.6-0.9 mg·cm-2) for 

electrochemical measurements in K half cells.  

Electrolyte preparation  

The carbonate-based electrolyte solution was prepared by mixing ethylene carbonate (EC: 

Sigma Aldrich, anhydrous, 99%) and diethyl carbonate (DEC: Sigma Aldrich, anhydrous, ≥99%) 

in the corresponding volume ratio, holding overnight over activated molecular sieves (Sigma 

Aldrich, 4 Å, 4-8 mesh). The KPF6 electrolyte salt (Acros organics, extra pure, 99%) after drying 

at 60°C under vacuum was dissolved in the mixture to result in pristine carbonate-based electrolyte 

0.5M KPF6 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 and 

4 wt.% concentrations. The same procedure was performed with FEC to attain 5 and 50 wt.% in 

0.5M KPF6 in EC:DEC (1:1 v:v).  

The KPF6 electrolyte salt (Acros organics, extra pure, 99%) after drying at 60°C under 

vacuum was dissolved in diethylene glycol dimethyl ether (diglyme, G2: Sigma Aldrich, 

anhydrous, 99.5%) to achieve concentrations of  1, 1.5, 2, and 2.5M KPF6 in G2. An increase of 

the KPF6 concentration over 2.5M resulted in non-transparent solutions indicating a solubility limit 

for KPF6 in G2. The appropriate amount of VC was also added to the prepared ether-based 

solutions to achieve 0.5 and 1 wt.% concentrations. 
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All produced solutions were 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 spectroscopy 

measurements were conducted on a DXRxi Raman imaging microscope (ThermoFisher Scientific) 

equipped with a 10X optical zoom and green solid-state laser ( = 532 nm). The laser spot diameter 

was about 1 μm. The spectra were measured for 50 points with a laser power of 10 mW and 0.5 s 

exposure time in the 300-3500 cm-1 range (2 cm-1 spectral dispersion). 

Thermogravimetric analysis 

The thermal analysis3 was carried out with a TG-DSC STA-449 apparatus (Netzsch, Germany) 

under dry air flow. The powders were heated at 5-10 K/min rate in the 25-600°C temperature 

range. 

Specific surface area measurements 

The specific surface area of HC powders was determined using Brunauer–Emmett–Teller (BET) 

method. BET specific surface area (SSABET) was measured by N2 adsorption technique with a 

Quantachrome Instruments NOVA surface area and pore size analyzer4. 

X-ray Powder Diffraction (XRPD) 

X-ray powder diffraction (XRPD) patterns were collected using a Bruker D8 ADVANCE 

diffractometer (Cu-Kα radiation). In order to perform XRPD measurements under Ar, the cycled 

electrodes were placed in a special cuvette for Bruker D8 ADVANCE diffractometer in the 

glovebox. The background from the observed diffractograms is substracted using WinXpow 

software. The unit cell parameters of KMFCN and KVPO were refined using the Le Bail method 

implemented in the JANA2006137 program package. The background was estimated by a set of 

Chebyshev polynomials, followed by the refinement of the cell parameters and the peak shapes 

with a pseudo-Voigt function. The KVOPO4 and KMFCN
 
structures 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 microscopy with a ThermoFisher Quattro S FEG-SEM. In order to probe the SEI layers 

formed on HC negative electrodes, the samples 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 Rupasov and Stanislav Fedotov 
4 N2 adsorption measurements were conducted by Polina Morozova 
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Transmission Electron Microscopy (TEM) 

The samples for transmission electron microscopy (TEM) were also prepared in the Ar-filled 

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 were transferred to the TEM column with a 

Gatan vacuum transfer holder. High resolution TEM (HR-TEM) images, high angle annular dark 

field scanning TEM (HAADF-STEM) images were taken with a Titan Themis Z transmission 

electron microscope operated at 120 kV5. Electron energy loss spectra (EELS) were measured in 

a STEM mode (STEM-EELS) with a GIF Quantum ER965 with 0.17 eV energy resolution 

according to full width at half maximum of the zero-loss peak. Energy-dispersive X-ray spectra in 

the STEM mode (STEM-EDX) were taken with a Super-X EDX system. 

X-ray Photoelectron Spectroscopy (XPS) 

The HC electrodes were retrieved from the two electrode K-half cells with corresponding x M 

KPF6 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 KPF6 traces, the samples were transferred to 

the spectrometer using a PHI VersaProbe vacuum vessel to prevent the exposure to the atmosphere. 

XPS measurements6 were carried out using a PHI VersaProbe II spectrometer equipped with a 

monochromatic Al Kα X-ray source. XP spectra for C 1s, K 2p, Na 1s, O 1s, P 2s, and F 1s were 

acquired with an electron pass energy of 10−40 eV. The spectra were approximated with a 

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 conduct in situ AFM measurements7, the HC powder was mixed with Super P 

carbon (Timcal) and sodium carboxymethyl cellulose (Na-CMC, Sigma Aldrich) in the 80:10:10 

mass ratio and afterwards with deionized water in a SPEX 8000M high-energy ball mill for 20 

min. The resulting electrode slurry was spread on a Kapton tape and dried at room temperature 

overnight. Afterwards, the electrode was dried at 120°C for 12 hours. After drying the composite 

electrode was delaminated from 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 polished by sand paper and diamond paste and finally by the OP-S silica suspension 

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

 
5 HR-TEM, HAADF-STEM and STEM-EELS measurements were conducted by Artem Abakumov 
6 XPS measurements were carried out by Menghsuan Sam Pan and Elizabeth Shaw 
7 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 perimeter. The utilized 

AFM electrochemical cell was elaborated in our research group138. Figure 3.1 depicts the scheme 

of the AFM cell preparation. As it was described above, the sample (1) is embedded into epoxy 

resin (2), polished/cross-sectioned (3), connected to the substrate by 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 

using a liquid perfusion cantilever holder and a 

soft PNP-TR Pyrex-Nitride Probe with 67 kHz 

resonance frequency and 0.32 N/m spring 

constant. Stiffer cantilevers affected SEI growth 

by dragging it off from the scan area. Thin (<50 

µm) K electrode serving as a reference and a 

counter electrode was inserted between the 

cantilever holder and the sample, which was the 

working electrode. The cantilever was brought to 

100 µm above surface. The electrolyte was 

injected between the cantilever and the sample 

until it formed a meniscus between the epoxy and 

the fused silica window of the cantilever holder. 

After that the cantilever was landed on the 

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 BioLogic SP-150 

potentiostat. 

Figure 3.1. Schematic illustration of AFM 

electrochemical cells138.  

Electrochemical measurements 

For electrochemical measurements, two-electrode Swagelok electrochemical cells with a 

working volume of 90 μl and glass-microfiber separator (AHLSTROM, Munktell) were assembled 

under argon atmosphere in an Ar-filled glovebox (MBraun, H2O < 0.1 ppm, O2 < 0.1 ppm). 
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Electrochemical data were registered with a Biologic VMP-3 potentiostat/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) and one of the prepared electrodes (KVPO, 

KMFCN or HC) as the working electrode (WE); K full cell (CE – the HC electrode, WE – the 

KMFCN electrode); K symmetric cell (CE, WE – K metal). The cyclic voltammetry (CV) curves 

accompanying with the AFM measurements were registered at a scan rate of 1 mV·s-1. The cyclic 

voltammetry curves in K half cells were registered at a scan rate of 100 μV/s. The cut-off current 

density value was defined as 10 times the background current density constituting 0.08 μA/cm2 in 

order to 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 potential range corresponding to the specific 

WE. In the case of full cells, the anode pre-cycling technique was conducted to form the stable 

SEI on the electrode surface. The hard carbon anode was cycled down to 0.01 V vs K+/K, then up 

to 2.5 V vs K+/K and, finally, down to 0.1 V vs K+/K at a 0.1C charge/discharge rate in a K half 

cell. Subsequently, the pre-cycled anode was extracted from the cell and assembled with KMFCN 

cathode and fresh electrolyte in a new cell in the glovebox. Potentiostatic electrochemical 

impedance spectra (PEIS) were registered in the K symmetric cells at the open circuit voltage in 

the 1MHz-100mHz frequency range with 5 mV peak-to peak alternating voltage, and then 

analyzed using the MEISP software. 
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Chapter 4. Exploring positive and negative electrodes for K+-ion batteries. 

Effect of synthesis conditions on Hard Carbon properties 

The first research objective is aimed to probe the relation between synthesis conditions, hard 

carbon particle morphology and resulted electrochemical performance in PIBs. In Chapter 2 the 

impact of HC preparation parameters on particle morphology and intrinsic properties is discussed. 

HC particle size influences the electrochemical properties since the enhanced specific surface area 

increases the irreversible capacity loss due to the surface film formation and, therefore, results in 

the reduced CE, though large particle size accompanying the lower specific surface area may 

hinder K+-ion diffusion in HC structure. The spherical shape of HC particles seems to be beneficial 

in terms of high reversible capacity and straightforward adjustment of microsphere diameter via 

synthesis parameters. Generally, HC microspheres are obtained from simple sugars112,122. D-

glucose-derived HC samples with different distributions of sphere diameters were obtained under 

various synthesis conditions to examine the relation between the particle morphology and the 

resulted electrochemical performance. 

One may tune the hard carbon morphology through varying hydrothermal synthesis 

conditions107,139,140 whereas the high-temperature annealing affects the graphitization degree141, 

the specific surface area, the space between graphene layers, and the amount of carbon 

defects117,124. The various synthesis parameters were applied (the designation of HC1-HC7 

samples with respective synthesis conditions could be found in table 4.1): the pre-heating 

temperature TI (180 ° C and 200 ° C) and duration/ residence time (8 h, 16 h, 24 h) of HTC, a set 

of precursors (water solution of [D-glucose + pectin + polytetrafluoroethylene] and a water 

solution of [D-glucose + pectin + citric acid]) and the temperature of the subsequent annealing TII 

(1200 °C and 1500 °C). In addition, the rinsing intermediate carbonization product with ethanol 

after the hydrothermal synthesis and before the high-temperature annealing occurs to be an 

important step. Figure 4.1 illustrates the difference between samples obtained under the same 

conditions. Without ethanol rinsing step the hollow microspheres of HC with a particle size less 

than 0.5 µm (hereafter they are -called "nanosized particles” or “nanospheres”) prevail in the HC 

powder. HC nanospheres might enlarge the irreversible capacity loss during first formation cycles 

of K+-ion cell operation owing to enhanced specific surface area. On the other hand, the fraction 

of “nanosized” HC particles is reduced in the sample that was preliminarily rinsed with ethanol 

before the high-temperature annealing at 1500°C. 

Table 4.1. Comparative table of properties of hard carbon samples obtained under various 

synthesis conditions. The electrochemical measurements were conducted in K half cells with a 0.5 

M KPF6 / EC: DEC electrolyte solution (1: 1 by volume ratio) 
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Synthesis conditions 
Particle 

size, µm 

Specific 

discharge 

capacity at the 

1st cycle, 

mA·h·g-1 

CE of the 

1st cycle, 

% 

Capacity 

retention 

after 30 

cycles, % 

HC1: Hydrothermal synthesis (D-

glucose + pectin + 

polytetrafluoroethylene, 180 ° С, 8 

h), high-temperature annealing (1200 

° С) 

0.16 -2.1 223 19.6 1.1 

HC2: Hydrothermal synthesis (D-

glucose + pectin + 

polytetrafluoroethylene, 180 ° С, 16 

h), high-temperature annealing (1200 

° С) 

0.14 - 

15.8 
199 70.8 29.6 

HC3: Hydrothermal synthesis (D-

glucose + pectin + 

polytetrafluoroethylene, 180 ° С, 8 

h), high-temperature annealing (1500 

° С) 

0.12 – 

10.7 
223 45.5 43.2 

HC4: Hydrothermal synthesis (D-

glucose + pectin + 

polytetrafluoroethylene, 180 ° С, 16 

h), high-temperature annealing (1500 

° С) 

0.13 – 

15.7 
221 64.3 57.9 

HC5: Hydrothermal synthesis (D-

glucose + pectin + 

polytetrafluoroethylene, 180 ° С, 24 

h), high-temperature annealing (1500 

° С) 

0.14 - 

14.2 
202 62.3 82.2 

HC6: Hydrothermal synthesis (D-

glucose + pectin + citric acid, 180 ° 

С, 16 h), high-temperature annealing 

(1500 ° С) 

0.44 – 4.3 250 56.7 92.0 
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HC7: Hydrothermal synthesis (D-

glucose + pectin + citric acid, 200 ° 

С, 16 h), high-temperature annealing 

(1500 ° С) 

2.3 – 32.4 181 67.3 89.0 

 

Figure 4.2 shows the morphology and size distribution of D-glucose-derived HC microspheres 

obtained under various conditions of the hydrothermal carbonization. All HC particles resemble 

spherical shape. The particle size distribution was calculated using ImageJ software from a number 

of SEM images. The applied synthesis conditions alter the size distribution and the content of 

“nanospheres” in the resulting HC samples. The particle diameter distribution might give a clue 

about the content of HC nanospheres. Assuming the analyzed SEM images reflect the average size 

distribution in whole powder volume, one could estimate the fraction of nanosized particles. It 

decreased in order HC1>HC2>HC6>HC4>HC5>HC7 (corresponding to 

89.0%>60.98%>14.5%>6.4%>2.3%>0% respectively). Both HC powders obtained upon 

annealing at TII=1200°C contain the predominant amount of “nanosized” HC spheres. The increase 

in the residence time from 8 hours to 16 hours results in the broader particle size distribution and 

the enhanced number of larger particles. The elevated annealing temperature TII=1500°C leads to 

the drastic diminution of “nanosized” HC particles. The further raised HTC duration of 24 hours 

causes the wider distribution of HC microsphere diameter in the range of 2-10 µm. The 

“nanosized” HC particles disappear with the substitution of polytetrafluoroethylene with citric acid 

C6H8O7. However, the average diameter of HC microspheres derived from aqueous solution with 

citric acid (pH~2.8) decreased down to ~0.79 µm. The enhanced hydrothermal temperature 

TI=200°C results to the broad distribution of larger HC particles in the range of 4-10 µm.  

Figure 4.1. SEM images of HC4 powders obtained: a) without ethanol rinsing and b) with ethanol 

rinsing. Insets depict the particle diameter distribution.  

The SEM results are consistent with the values of the specific surface area measured by the 

BET method (Table 4.2). The lower specific surface area of 57.18 m2·g-1 for HC2 (TI=180°C; 
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t=16h; TII=1200°C) compared to 317.02 m2·g-1 for HC1 (TI=180°C; t=8h; TII=1200°C) stems from 

the formation of larger HC particles owing to the raised residence time of HTC step. A decrease 

in the “nanospheres” content is accompanied by reduction of the specific surface area. But it’s not 

the single reason manipulating the specific surface area. Enhanced TII=1500°C results in the 

declined specific surface area. HC4 sample containing lower fraction of nanospheres than HC6 

exhibit higher specific surface area tentatively owing to the contribution of mesopores in HC walls. 

Despite the HC particle diameter of less than 1 µm, the lowest specific surface area value of 5.74 

m2·g-1 is observed for the HC6 (TI=180°C; t=16h; TII=1500°C) sample derived from aqueous 

solution containing citric acid. So, the improved values of CE originated from the diminished 

irreversible capacity loss are anticipated for this sample. Nevertheless, matching of microscopic 

and electrochemical data is required for selecting the most appropriate HC since the possible 

kinetic difficulties might arise because of large HC spheres.  
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Figure 4.2. SEM images of a) HC1; b) HC2; c) HC4; d) HC5; e) HC6 and f) HC7 powders. Insets 

depict the particle diameter distribution. 

 

Table 4.2. Specific surface area values obtained by using the BET method for the HC samples 

produced under various synthesis conditions. 

Synthesis conditions 
SSABET, 

m2·g-1 

HC1: Hydrothermal synthesis (D-glucose + pectin + polytetrafluoroethylene, 

180 ° С, 8 h), high-temperature annealing (1200 ° С) 
317.02 

HC2: Hydrothermal synthesis (D-glucose + pectin + polytetrafluoroethylene, 

180 ° С, 16 h), high-temperature annealing (1200 ° С) 
57.18 
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HC4: Hydrothermal synthesis (D-glucose + pectin + polytetrafluoroethylene, 

180 ° С, 16 h), high-temperature annealing (1500 ° С) 
26.56 

HC6: Hydrothermal synthesis (D-glucose + pectin + citric acid, 180 ° С, 16 h), 

high-temperature annealing (1500 ° С) 
5.74 

 

The results of galvanostatic cycling of HC electrodes in K cells with conventional carbonate-

based electrolyte [0.5 M KPF6 / EC: DEC (1: 1, v:v)] at C/10 rate are shown in Figure 4.3. The 

charge/discharge curves exhibit sloping profile at 1.3−0.3 V vs K+/K and plateau regions at 0.18 

and 0.29 V vs K+/K during the intercalation and deintercalation respectively. The SEI layer 

formation and emerging electrode polarization account for the difference in the shape of charging 

curve at the 1st cycle. It 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 layer. The 

complete degradation of K cell with HC1 electrode upon 30 cycles originates from the continuous 

electrolyte decomposition on particles with the enlarged surface area. The irreversible capacity 

loss correlates with the fraction of “nanosized” HC microspheres. The diminution of the 

“nanosized” particles improves the CE values at the 1st cycle and cycle stability. The capacity 

retention increases up to 92%. Moreover, the surface induced capacity, corresponding to the slope 

region at the galvanostatic curves, reduces with the decreased specific surface area value. The K 

cells with HC6 and HC7 deliver the best capacity retention of 92 and 89%, respectively. The 

specific discharge capacity at the 1st cycle varies in the range of 180-250 mA·h·g-1. 
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Figure 4.3. Galvanostatic curves measured for K+-ion  cells with a [0.5 M KPF6 / EC: DEC (1: 1 

by volume ratio)] electrolyte and with a) HC1 ; b) HC2; c) HC4; d) HC5C; e) HC6 and f) HC7 

as working electrode 

The comparative table 4.1 demonstrates that the enhanced content of “nanospheres" leads, 

as expected, to lower CE values during the first formation cycles and to a faster degradation of the 

PIB with the [0.5 M KPF6 / EC: DEC (1: 1 by volume ratio)] electrolyte. Therefore, the 

“nanosized” particles should be absent in HC powders utilized in further study. It might be attained 

via introducing the step of ethanol rinsing, via the application of prolonged residence time (≥16 
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hours) and enhanced annealing temperature (TII=1500°C), and via the substitution of 

polytetrafluoroethylene by citric acid. The HC4 and HC6 samples exhibit the better combination 

of the specific capacity (221 mA·h·g-1 and 250 mA·h·g-1) and CE values at the 1st cycle (64.3% 

and 56.7%) compared to other samples. However, HC7 sample delivers the high CE value of 67% 

at the first cycle with capacity retention of 89% after 30 cycles. Hence, HC powders with decreased 

content of nanosized particles and annealed at higher temperature of 1500°C deliver the best 

electrochemical properties. The best combination of synthesis conditions comprise the HTC of (D-

glucose + pectin + citric acid, 180 ° С, 16 h) with the subsequent high-temperature annealing at 

T=1500 °С. 

Сharacterization of the HC negative electrodes  

The HC4 microspheres with the diameter distribution in the range of 0.13-15.7 µm were utilized 

to probe the surface film formation. The observed Raman spectrum (Figure 4.4) exhibits so-called 

D-band (the defect-induced band) and G-band (the crystalline graphite band) peaks at ~1344 cm-1 

and ~1585 cm-1 respectively being characteristic of the HC structure. The G-band represents sp2 

vibration in graphite-like materials, whereas the D-bands emerges due to the double resonance 

Raman process (see Chapter 2). However, the double resonance Raman process is induced by 

defects and, thereby, implicitly associated with their presence. Herein, the ratio of D-band and G-

band’s intensity (ID/IG) is calculated to be 1.2, indicating defective structure on a large scale. These 

defects might contribute to the surface-driven storage of K+-ions and, hence, to the sloping profile 

of galvanostatic curves above 0.3 V vs K+/K. 

Figure 4.4.  Raman spectrum of HC4 powder 



75 

 

HAADF-STEM image in Figure 4.5a allows 

identifying the components of the HC-based 

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. STEM-EDX analysis of the HC 

sphere (Figure 4.5b,c,d) reveals no side elements 

except oxygen and argon. Apparently Ar is trapped 

during final annealing of the HC spheres at 1500 oC 

in Ar flow. The K+-ion adsorption at the surface 

oxygen atoms might also promote the surface induced 

capacitive process during K+-ion intercalation into 

HC framework. 

 

Figure 4.5. Microstructure of the pristine 

HC electrode: a) HAADF-STEM image of 

the HC microsphere with attached carbon 

black forming a porous network structure; 

b, c) HAADF-STEM image of the edge of 

HC microsphere and corresponding color-

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 discussed. Mn-contained PBA with general chemical formula K2Mn[Fe(CN)6]nH2O delivers 

better electrochemical performance in terms of reversible capacity values, operating potential and 

cycling stability12,17,44,51 and, hence, is beneficial for the development of full K cell. The cathode 

powder was synthesized via precipitation technique described in Chapter 3. The obtained particles 

possess the size less 400 nm (Figure 4.6a). EDX analysis combined with the thermal analysis 

results reveals the chemical composition of K1.44Mn(Fe[CN]6)0.90.4H2O (KMFCN). The cyclic 

voltammogram of KMFCN was measured in two-electrode K half cell with conventional 

carbonate-based electrolyte [0.5M KPF6 / EC:DEC (1:1, v:v)] in the potential range of 2.5-4.5 V 

vs K+/K at scan rate of 100 µV·s-1 (Figure 4.6c). It shows three distinguishable peaks: a pair of 

peaks is located at 3.75 V and 4.24 V vs K+/K on cathodic and anodic scans, respectively, which 

relate to Fe3+/Fe2+ redox. The peak-to-peak distance being more 400 mV originates from the 

formation of thick and resistive surface layers on electrodes causing a huge polarization in 

carbonate-based electrolyte. The appearance of a peak at 3.87 V vs K+/K on cathodic scan 

corresponds to the Mn3+/Mn2+ redox. Since the shape and width of cathodic and anodic peaks 

differ, the second anodic peak might not be distinctive on cathodic scan. The specific discharge 

capacity of KMFCN is 112 mA·h·g-1. 

Figure 4.6. a) The SEM image and b) EDX spectra of the KMFCN powder; c) normalized cyclic 

voltammetry curve measured at scan rate of 100 µV·s-1 of K cell with KMFCN positive composite 

electrode and [0.5M KPF6 / EC:DEC(1:1, v:v)] electrolyte solution . 

KVOPO4 cathode material characterization 

KVOPO4 (KVPO) was selected to examine with electrolytes elaborated in presented research for 

PIBs as the positive electrode with polyanionic structure. KVPO was prepared by thermal 

decomposition of the hydrothermally synthesized K3(VO)(HV2O3)(PO4)2(HPO4) ( = 

”KVOPO41/3H2O”) precursor as described in Chapter 3. KVPO exhibits KTiOPO4-type 

structure comprising VO6 octahedra and PO4 tetrahedra67. Figure 4.7 demonstrates XRPD patterns 
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of K3(VO)(HV2O3)(PO4)2(HPO4) and KVPO compounds refined using the Rietveld method. 

XRPD profile of KVPO could be indexed in orthorhombic unit cell (a=12.8105 ± 0.0003 Å; 

b=10.44511 ± 0.00017 Å; c=6.36641 ± 0.00012 Å; α=β=γ=90°) with space group Pn21a. The 

calculated lattice parameters coincide with the published data67. 

 

Figure 4.7. The experimental, calculated and difference XRPD profiles for the 

K3(VO)(HV2O3)(PO4)2(HPO4) precursor (left) and the synthesized KVOPO4 powder (right) after 

the Rietveld refinement. 

The KVOPO4 powder consists of particles with the average size of about 1 μm that 

agglomerate into larger clusters with the average size of about 20 μm (Figure 4.8a). The 

electrochemical properties of KVPO positive electrode were measured in two-electrode K cell 

with conventional carbonate-based electrolyte [0.5M KPF6 / EC:DEC (1:1, v:v)] in the potential 

range of 2.0-4.5 V vs K+/K (Figure 4.8b,c). The cyclic voltammogram demonstrates two pairs of 

peaks located at 2.54/2.93 V vs K+/K and at 3.99/4.23 V vs K+/K on cathodic/anodic curve parts 

respectively (Figure 4.8b). The additional peak emerges at 3.82 V vs K+/K on anodic scan. The 

electrode polarization that accounts for the enlarged peak-to-peak distance is also evidenced in K 

half cell with the KVPO positive electrode. The KVPO cathode delivers the specific discharge 

capacity of 57 mA·h·g-1 accompanied by CE value of 47% at the first cycle at current density C/20 

(Figure 4.8c). The capacity retention is observed to be 63 % upon the increase in the cycling rate 

from C/20 to 5C despite the enough large size of KVPO particles. The galvanostatic curves exhibit 

stepwise profile corresponding to V4+/V5+ redox. The enhanced cut-off potential up to 4.8 V vs 

K+/K causes the poor performance of K cell with KVPO positive cathode that might stem from the 

electrolyte oxidation. The elaborated electrolyte stability can facilitate the electrochemical activity 

of more K+-ions resulting in the increased reversible capacity values. 
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Figure 4.8. a) The scanning electron microscopy (SEM) image of the KVOPO4 sample illustrating 

the material’s morphology; b) cyclic voltammetry curves measured at scan rate of 100 µV·s-1 and 

c) rate performance test of K cell with KVOPO4 positive composite electrode and [0.5M KPF6 / 

EC:DEC(1:1, v:v)] electrolyte solution .  

Conclusion 

The electrode materials for further research were synthesized and characterized. The 

K1.44Mn(Fe[CN]6)0.90.4H2O sample comprising particles with a size less than 400 nm possesses 

the advantages as the positive electrode in PIB owing to the open framework structure. The 

synthesized KVOPO4 compound, exhibiting the KTiOPO4-type structure, could not compete with 

other cathodes for K cells in terms of specific discharge capacity values. However, it could still 

serve as the positive electrode with polyanionic structure to examine various electrolyte 

compositions. The hard carbon microspheres obtained upon the hydrothermal carbonization 

technique (TI=180°C; t=16 h) with subsequent annealing at TII=1500°C exhibit the specific 

discharge capacity values in the range of 220-250 mA·h·g-1 in K half cells with [0.5 M KPF6 / EC: 

DEC (1: 1 by volume ratio)] electrolyte. The presence of so-called “nanosized” particles 

significantly contributes to the irreversible capacity loss at the first cycles. The enhanced content 

of “nanospheres” leads to lower CE values during the first formation cycles and to a faster 

degradation of K cells. The presence of ““nanosphere”” particles might be eliminated via the 

addition of ethanol rinsing intermediate step, the increased annealing temperature, appropriate 

choice of precursors, and the variation of HTC parameter. The optimized synthesis conditions 

enhance the CE value up to 67% at the first cycle and the capacity retention up to 89% upon 30 

cycles. 
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Chapter 5. Electrolyte salt concentration effect on electrode performance in diglyme-based 

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 current collector corrosion occurs, two-electrode K half-cells with Al working 

electrodes and KPF6/G2 electrolyte solutions of different KPF6 concentrations were assembled. 

The Al surface passivation by the PF6
– anion was described earlier142 and was also observed in all 

our experiments: the reduced current density value in the second cycle in comparison with the first 

cycle indicates a slower rate of Al oxidation due to the passivation layer formation (Figure 5.1a). 

Enhanced electrolyte stability against Al current collector corrosion was obtained upon increasing 

the KPF6 salt concentration (Figure 5.1b), which is in line with that reported for Li-ion 

batteries143,144. Thus, [2.5 M KPF6/G2] electrolyte solution can be utilized with positive electrodes 

and, hence, in K full cells. The origin of the improved electrolyte stability against Al current 

collector oxidation with salt concentration increase should be identified. So, Raman measurements 

to examine the spatial organization of the ions and molecules in the solution were performed. 

Figure 5.1. a) Cyclic voltammetry performed for K half-cell with aluminum working electrode in 

1M KPF6/G2 at 100 μV/s scan rate; b) cycling of the K half-cell with different electrolyte 

concentrations up to 5.3 V vs K+/K representing the electrolyte stability against aluminum current 

collector corrosion. The cut-off current is 0.08 μA/cm2 (being 10 times higher than the background 

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 referred 

to as “solution structure”), the Raman spectroscopy measurements were conducted on pure 
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diglyme and KPF6/G2 electrolyte solutions with different salt concentrations. The obtained spectra 

reveal a set of characteristic bands at 800-860 cm-1, a so-called “breathing mode”145,146, 

corresponding to the combination of the C–O–C stretching and CH2 rocking modes of the solvent 

molecules (figure 5.2a). The Raman spectrum of pure diglyme exhibits 3 overlapping peaks 

residing at ~ 805, 825 and 850 cm-1 as previously reported145,147,148. Two additional peaks of 

“perturbed” solvent molecules at 840 and 864 cm-1 emerge simultaneously for all the KPF6/G2 

solutions as a result of the blue shift of the vibrational band due to the ion-dipole attraction between 

the dissociated K+ ion and the carbonyl oxygen of the solvent molecule148. The mentioned shift is 

much smaller compared to that for the LiPF6/G2 solutions145,149 due to a weaker interaction 

between K+ ions and carbonyl oxygens (the weaker ion-dipole binding arises from the less charge 

density due to the larger radius of K+-ion compared to Li+). According to the reported data148, the 

K+-ion has two feasible types of a 6-fold coordination with the solvent molecules and PF6
- ions in 

the diglyme solution: namely the contact ion pair (CIP-III) and solvent-separated ion pair (SSIP) 

associates. CIP-III implies the K+ cation to be coordinated to a single PF6
- anion through three 

fluorine atoms and to a single diglyme molecule through three oxygen atoms (Figure 5.2b, left). 

In SSIP, it is coordinated to a pair of diglyme molecules through six oxygen atoms (Figure 5.2b, 

right).  

The peak at 740 cm-1 corresponds to the P-F stretching of the uncoordinated PF6
- 149 while its 

shift becomes a distinctive feature indicating the bonding formation between the anion and K+ ions 

through fluorine atoms. As it shows no significant shift (Figure 5.2a), we can infer that: (i) no 

cation-anion aggregates (PF6-anion interacting with two or more K+-ions) formed as reported for 

concentrated electrolytes149–151; (ii) herein, we cannot definitely distinguish between the CIP-III 

and SSIP associates because the reported theoretical peak position difference is less than 1 cm-1 

(note that spectral dispersion is 2 cm-1).  

As the “breathing mode” consists of five overlapping peaks, the peak deconvolution using a 

Lorentzian function was executed to quantify the proportions of free and coordinated solvent 

molecules (figure 5.2c; figure 5.3, table 5.1). With increasing salt concentration, the total integral 

intensity of the “perturbed” peaks enhances, and that of “unperturbed” peaks declines indicating a 

reducing number of free solvent (“unperturbed”) molecules. The redistribution of integral 

intensities for the peaks of the same type (unpertubed or perturbed) might be connected with 

specific interactions between ions and solvent molecules152. 

Thus, we demonstrate a decrease of the free solvent molecule population upon increasing the 

salt concentration in the K+-based electrolytes similar to that reported for other non-aqueous Li+-

based electrolyte solutions143,144,153,154 which eventually enhances the oxidation potential of the 

electrolyte. Moreover, the preferential reduction of PF6
- anion interacting with K+-ions results in 
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the anion-derived SEI153. Furthermore, the formation of the passivation layer on the Al surface 

occurs due to reduced solubility of AlF3 in electrolytes with less free solvent molecules resulting 

in lowering Al current collector corrosion143,144. Hence, a better electrochemical performance is 

anticipated due to formation 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 behavior of the 

K+-ion cells is important to resolve as discussed below.  

 

Figure 5.2. a) Raman spectra of the diglyme-based electrolytes with different KPF6 salt 

concentrations. b) Representation of the anticipated solvated K+-ion coordinations as contact-ion-
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pairs (CIP) and solvent-separated ion pair (SSIP) associates. c) Deconvolution of peaks at the 

breathing mode (green dash lines correspond to the unperturbed solvent molecules and violet dash 

lines – to the perturbed ones). 

Figure 5.3. Deconvoluted Raman spectra of a) 1.5M KPF6/G2 and b) 2M KPF6/G2 electrolyte 

solutions. 

Table 5.1. The fractions of the calculated integral intensities of deconvoluted peaks from Raman 

spectra corresponding to perturbed and unperturbed solvent molecules for the electrolytes with 

different salt concentration. 

Electrolyte solution 1M 

KPF6/G2 

1.5M 

KPF6/G2 

2M 

KPF6/G2 

2.5M 

KPF6/G2 

Fraction of the unperturbed solvent 

molecules, %  
25 21 16 15 

Fraction of the perturbed solvent molecules, 

% 
75 79 84 85 

 

KVPO cathode performance in diglyme-based electrolyte 

Two-electrode half-cells with KVPO working electrodes and diglyme-based electrolytes with 

different KPF6 salt concentration (1M; 1.5M; 2M; 2.5M) were assembled and cycled at a 0.1C rate 

(13.3 mAg-1 corresponding to the theoretical capacity of 133 mAg-1) in the 2.5-4.5 V vs K+/K 

potential range for 30 cycles. According to the XRPD data measured for the pristine and cycled 

electrodes, the KVPO structure is preserved (Figure 5.4, Figure A1, Table A1).  
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Figure 5.4. XRPD patterns for KVOPO4 pristine electrodes and electrodes on Al foil cycled 

upon 30 cycles in electrolytes with different salt concentrations (* - peaks correspond to 

conductive additive being present in the cathode composite; # - peaks correspond to the KPF6 salt 

crystallized at the electrode surface after galvanostatic measurements). 

The half-cell with the 2M KPF6/G2 electrolyte solution exhibits the highest initial discharge 

specific capacity (53 mAhg-1) and good capacity retention (81%) after 30 cycles at 0.1C charge 

and discharge rates (Figure 5.5a,b). The delivered capacity is slightly lower than that reported by 

Chihara et al.67, 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 to 

4.5 V in the present study. In the 1M KPF6/G2 electrolyte solution KVPO shows a dramatic 

parasitic oxidation current arising from the electrolyte degradation due to a larger population of 

free-solvent molecules at this concentration, which further explains the lowest discharge capacity 

values and low coulombic efficiencies (Figure 5.5). The other reason for the variation of the initial 

discharge capacity comes from the overpotential of the K metal anode.  

 

Figure 5.5. Galvanostatic measurements of K+-ion half-cells comprised of KVPO electrode and 

electrolytes of different concentrations, at a C/10 scan rate. a) Charge and discharge curves in the 

10th cycle for each electrolyte concentration. b) Specific discharge capacity change upon cycling 

for different electrolyte concentrations. c) 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 measurements were performed in symmetric K cells in the potentiostatic mode. 

The PEIS spectra are analyzed using the proposed equivalent scheme (Figure 5.6c) in MEISP 

program. A large semicircle in the high-frequency region corresponds to the passivated film 

impedance on the potassium surface. Since a symmetric cell consists of two K|electrolyte 

interfaces, the interfacial resistances represent a doubling of a single K electrode. As no potential 

is applied upon measurements, only processes associated with the solid electrolyte interphase 

(SEI) formed on the K metal and the double layer charging are assumed to occur. Hence, SEI 

resistance and double layer capacitance are 

reflected by RSEI and Cdl, respectively. The 

Nyquist plot intercept with the horizontal axis 

in high-frequency region is attributed to the 

solution resistance value (Rsol).  The area-

specific solution resistance reduces with 

increasing concentration of KPF6 (Table 5.2, 

Figure 5.6). 

The evidenced tendency is ascribed to 

enhanced ion conductivity of the electrolyte, 

similar to that reported for the NaPF6 in 

diglyme155 and for LiPF6 in carbonate-based 

solutions156. Moreover, the interfacial 

impedance corresponding to the area-specific 

SEI resistance shows a non-monotonic 

concentration dependence, being the highest 

for the 1M KPF6/G2 solutions, reaching its 

minimum for the 2M KPF6 solution and 

increasing again for the 2.5M KPF6/G2 solution. 

This behavior probably originates from the 

thickness or composition variations of the SEI 

layer (Table 5.2, Figure 5.6).  

Figure 5.6. a) Impedance spectra of the K 

symmetric cells with different electrolyte 

concentrations; b) the enlargement of the high-

frequency range; с) the equivalent circuit scheme 

implemented for MEISP calculations. 
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Table 5.2. The solution area specific resistance Rsol and solid electrolyte interphase area specific 

resistance RSEI values calculated using MEISP software in the K symmetric cells with different 

electrolyte concentrations. 

Electrolyte Rsol, Ω*cm2 RSEI, Ω *cm2 

1 M KPF6 in G2 54.7±5.9 237.7±47.0 

1.5 M KPF6 in G2 37.9±6.5 65.2±16.6 

2 M KPF6 in G2 29.8±3.2 3.8±2.6 

2.5 M KPF6 in G2 27.6±3.3 9.9±3.1 

The obtained RSEI – dependence versus salt concentration is in good correspondence with the 

initial discharge capacities of KVPO observed in KPF6/G2 solutions. The presence of a resistive 

film induces a potential drop at the interface resulting in the reduced capacity values as described 

by modeling for Li-ion cells16 and experimentally validated157,158. Consequently, the apparent 

initial specific discharge capacities for KVPO at different salt concentrations strongly depend on 

the interfacial resistance (RSEI) on the K-metal anode, which was measured in the K symmetric 

cells (Table 5.2).  

Moreover, the continuous capacity loss occurring in the (1M-2M) KPF6/G2 electrolyte solutions 

is mainly due to the formation of an unstable SEI layer on the K metal surface in less concentrated 

electrolytes14.  The SEI film growth observed in impedance spectra measured with time evolution 

(Figure 5.7) leads to higher RSEI values being responsible for the capacity fade on cycling.  

 

Figure 5.7. Impedance spectra of the K symmetric cells with different electrolyte concentrations 

showing the changes with time evolution at different scales. 

Hence, the electrochemical performance of the K+-ion cell constructed with an anode other than 

metallic K is expected to show a better performance. However, the capacity retention of 98% in 

the 2.5M KPF6/G2 electrolyte 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 the free solvent 
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molecules leading to the lowest overpotential at the K metal due to a stable and thinner SEI film 

formed on the anode surface. The presence of irreversible redox processes in the 1M KPF6/G2 

electrolyte solution is evidenced by the coulombic efficiency (CE) vs. cycle number dependence 

(Figure 5.5c): the CE value does not exceed 50%, whereas the CE values for the 2M KPF6/G2 and 

2.5M KPF6/G2 electrolyte solutions reach 86%. These results truly support the assumption that 

strongly coordinated solvent molecules 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 diglyme-based electrolyte 

To understand the influence of electrolyte solution structure on the different cathode material 

performance, KMFCN was cycled in a K half-cell using the whole set of electrolyte solutions at a 

0.1C rate (14.8 mAg-1) in the 2.5-4.5 V vs. K+/K potential range. According to the XRPD analysis, 

all electrodes after 30 cycles maintain the parent structure (Figure 5.8, Figure A2, Table A2).  

Figure 5.8. XRPD patterns for K
1.44

Mn(Fe[CN]
6
)
0.9

0.4H
2
O pristine electrodes and electrodes on 

Al foil cycled upon 30 cycles in electrolytes with different salt concentrations (* - peaks 

correspond to conductive additive being present in the cathode composite) 

Figure 5.9a demonstrates the charge/discharge profile of the 10th cycle for K half-cells having 

different electrolyte concentrations. The two plateaus on the discharge curve correspond to the 

Fe3+/Fe2+ (3.95 V vs K+/K) and Mn3+/Mn2+ (4.05 V vs K+/K) redox processes. The capacity loss 

in the K half-cells also occurs with the KMFCN working electrode (Figure 5.9b). In the highest 

concentration electrolyte solution, 2.5M KPF6/G2 the capacity fade related to the KMFCN cathode 

contrasts with the stable cycling of the KVPO cathode, and could be tentatively ascribed to the 

manganese dissolution as reported for the Li+-systems159,160. However, the capacity retention 

increases to 68% for the higher electrolyte concentrations compared to 30% for 1M KPF6/G2, 

which is attributed to a smaller amount of free solvent molecules at the higher electrolyte salt 
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concentrations resulting in a thinner surface passivation layers and enhanced electrolyte stability 

against other redox processes occurring at the electrode surfaces upon cycling. This behavior is 

expected because the oxidation stability of the solvent molecules solvating metal ions enhances 

compared to the oxidation potential of the free solvent molecules161. The highest specific discharge 

capacity for the first cycle is 105 mAhg-1 in the 2.5M KPF6/G2 electrolyte, which is lower than a 

previously reported value of 141 mAhg-1 44. The difference in reversible capacity is tentatively 

explained by the different water content and K:Fe ratio of the KxMn[Fe(CN)6]ynH2O materials 

synthesized for the two studies: K1.75Mn[Fe(CN)6]0.930.16H2O in 44 and 

K1.44Mn[Fe(CN)6]0.90.4H2O in our study. The coulombic efficiency exceeds 78% upon 30 cycles 

(Figure 5.9c). 

   
Figure 5.9. Galvanostatic measurements of K+-ion half-cells comprised of KMFCN cathodes and 

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 capacity vs. cycle number for 

different electrolyte concentrations. c) Coulombic efficiency vs. cycling for different electrolyte 

concentrations. 

HC anode performance in diglyme-based electrolyte 

Finally, two-electrode K+-ion half-cells with HC working electrodes and various electrolytes 

were assembled and cycled at 0.1C rate (30 mAg-1) in the 0.1-2.5 V vs. K+/K potential range for 

30 cycles. The discharge/charge curve profiles do not vary with the electrolyte salt concentration 

(Figure 5.10a). The initial capacity value of the hard carbon (HC) anode in K+-ion half-cells is 

shown in 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 a minor electrolyte concentration effect on the HC surface chemistry during cycling. 

Coulombic efficiency is higher in more concentrated electrolyte solutions at the first cycle(Figure 

5.10c) that can be associated with the anion-derived SEI layer formation enabling the effective HC 

protection, as was detected in Na-ion cells131. However, the presented results could also be 
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tentatively attributed to the irreversible K+-ion 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 

discharge capacity has been observed. An increase in the discharge capacity with the electrolyte 

salt concentration is accounted for the smaller free solvent molecule number, providing enhanced 

electrolyte stability against other limiting redox processes (e.g. Al electrode passivation and 

solvent oxidation processes). As the HC anodes were shown to be not affected by the electrolyte 

salt concentration, the low coulombic efficiency values in the first cycle can be accounted for the 

irreversible K+ ion intercalation into the HC framework which requires further elucidation as to 

anode-dependent processes. 

Figure 5.10. Galvanostatic measurements of K+-ion half-cells with an HC electrode at a 0.1C scan 

rate. a) Charge and discharge curves in the 10th cycle for each electrolyte concentration. b) 

Specific discharge capacity changes upon cycling for different electrolyte concentrations. c) 

Coulombic efficiency changes upon cycling for different electrolyte concentrations. 

K full cell 

To demonstrate the practical significance of the obtained results, a comparative investigation of 

full cells consisting of KMFCN cathode and HC anode was performed using both the ether-based 

and conventional carbonate-based electrolytes with anode-to-cathode capacity ratio of ~3 to 

prevent the effect of the irreversible anode capacity change on the full battery performance. In the 

carbonate electrolyte, the optimal amount of the KPF6 salt added to the EC:DEC (1:1, v:v) solvent 

mixture while remaining a transparent solution was 0.5M (at electrolyte concentrations higher than 

0.5 M the KPF6 salt readily deposits on the separator, electrode surface and cell components). As 

the K full cell cycling was performed to prove the feasibility of K+-ion battery implementation at 

the 0.6C rate (90 mAg-1), which is considerably higher than the 0.1C rate used for the 

galvanostatic measurements in the K half-cells, the electrolyte salt concentration effect on the 

(de)insertion rate becomes important. Since the enhanced salt concentration could result in the 

reduced intercalation rate and, hence, the cell electrochemical performance declines at the 

practically important discharge current rates which are predominantly higher than 0.1C162. Here, 
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the 1.5M KPF6/G2 electrolyte solution was chosen to overcome possible kinetic hindrances at the 

higher current rate (however, the full cell using the 2.5 M KPF6/G2 electrolyte solution with the 

highest concentration was cycled and compared to the full cell using the carbonate-based 

electrolytes in Figure 5.12). Although the initial cell capacity was higher for the carbonate-based 

electrolyte (121 mAhg-1 of cathode) than for the ether-based electrolyte (105 mAhg-1 of cathode), 

capacity retention is better for the latter one (Figure 5.11a). The capacity retention of 86 % after 

300 cycles at 0.6C rate with a specific capacity value of 90 mAhg-1 of cathode was observed for 

the 1.5M KPF6/G2 electrolyte, whereas the carbonate-based electrolyte demonstrated only 66% 

capacity retention after 300 cycles at the 0.6C rate, as well as a lower specific capacity value of 80 

mAhg-1 of cathode (Figure 5.11a). Moreover, in 1.5M KPF6/G2 the specific discharge capacity 

stabilizes after 125 cycles, whereas it keeps decreasing in the 0.5M KPF6/EC:DEC solution. 

However, the CE vs. cycling curves are quite similar (Figure 5.11b). The charge and discharge 

curves at the last cycle are also presented for both electrolyte solutions (Figure 5.11c). The full 

cell with the HC anode exhibits better specific discharge capacity and capacity retention than the 

full cells comprised of the Prussian Blue analogue cathode, carbonate-based electrolyte, and non-

HC carbonaceous anodes44,53. Moreover, the attained electrochemical characteristics exceed those 

reported for K full cells consisting of the Prussian Blue analogue cathode and ether-based 

electrolyte, in which the specific discharge capacity is below 90 mAhg-1 of cathode57,85,163. The 

applied strategy to tune salt concentration in ether-based electrolyte solutions was also reported to 

attain the enhanced cycle stability of K full cell comprising graphite anode and K2Mn[Fe(CN)6 

cathode87. The utilization of highly concentrated [5.6 mol·kg-1 KFSI/G3+0.5wt%VC] leads to the 

discharge capacity of 106 mAhg-1 of cathode after 100 cycles. Furthermore, the observed findings 

are in line with other studies on electrolyte composition optimization that enhances the stable 

cycling of K full cell delivering the initial discharge capacity value of 105 mAhg-1 of cathode78,164. 

Hence, the present results demonstrate improved K full cell performance when using the diglyme-

based electrolytes with the proper concentration of the KPF6 salt and a hard carbon anode. Highly 

concentrated electrolyte solutions may be a useful instrument for further K+-ion battery 

development. 
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Figure 5.11. Comparison of galvanostatic measurements of K full cells comprised of KMFCN 

cathode and HC anode with carbonate-based and ether-based electrolytes. 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 the 300th cycle. The current density equals 

0.1C during first five cycles, the further cycling was performed at 0.6C current density 

Figure 5.12. Comparison of galvanostatic measurements of K full cells comprised of KMFCN 

cathode and HC anode with carbonate-based and ether-based electrolytes. a) Variation in the 

specific discharge capacity with the cycle number; b) Dependence of the Coulombic efficiency on 

the cycle number. 

Conclusion 

The impact of the salt concentration on the performance of KVOPO4 and 

K1.44Mn(Fe[CN]6)0.90.4H2O cathodes and hard-carbon anode is clearly shown. An increase of the 

KPF6 salt concentration results in a reduced number of free diglyme molecules. Hence, all redox 

processes associated with solvent molecule’s oxidation are minimized, explaining the enhanced 

electrochemical performance of KVOPO4 and K1.44Mn(Fe[CN]6)0.90.4H2O positive electrodes in 

the K half-cells. The maximum specific discharge capacities of the KVOPO4 and 

K1.44Mn(Fe[CN]6)0.90.4H2O cathodes are attained in the diglyme-based electrolytes with the 

highest KPF6 concentrations of 2 and 2.5 M, respectively. Furthermore, a full cell based on 

K1.44Mn(Fe[CN]6)0.90.4H2O and HC exhibits stable discharge capacity of ∼90 mA·h·g−1 after 

125 cycles. However, the specific reasons for the observed HC behavior in the concentrated 

electrolytes should be clarified in the future research. Albeit, the similar performance of HC 

electrode in all [x M KPF6/G2] solutions, the outstanding performance of full K cell with HC 

negative electrode is attained in more concentrated electrolyte compositions. 
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Chapter 6. Electrolyte salt concentration effect on the SEI layer evolution on HC surface. 

No significant difference was observed for K half cells comprising HC negative electrode 

and diglyme-based electrolyte with various KPF6 salt contents in Chapter 5. However, the full cell 

demonstrated the improved performance with pre-loaded HC electrodes in electrolytes with 

enhanced concentrations that could arise from the anion-derived solid electrolyte interphase (SEI) 

layers131. After cycling in diglyme-based electrolyte solutions, the electrodes are retrieved from 

the K half cells after discharge step and washed in G2 during a couple of hours to remove traces 

of KPF6 from the HC surface. Then dried electrodes were located into the special vacuum vessel 

to transfer inside XPS chamber without surface exposure to air. The collected XPS spectra were 

measured using a 200 µm X-ray beam size to gain more statistics. The pristine HC electrode 

contains C (83.4 at.%), O (15.3 at.%) and Na (1.3 at.%) atoms. The presence of Na arises from the 

addition of Na-CMC binder to the negative electrode composite. The contribution of Na-CMC 

binder and conductive additive surfaces to the obtained XPS signal is not accounted for in the 

present research. We strived to overcome it via probing several spots from the retrieved electrodes 

and analyzing the average output data. 

Figure 6.1a illustrates the observed C1s XPS spectra for the retrieved HC composite 

electrodes cycled in K half cells with the concentrated electrolyte solution [2.5M KPF6 /G2]. The 

four detected peaks are associated with O-C=O (~289.8 eV), C-O (~287.9 eV), C-C/C-H (~286.4 

eV) and Kx-HC (~284.9 eV) bonds respectively. The peak located at ~284.9 eV at C1s spectra is 

assigned to the potassiated HC (Kx-HC). Eshetu et al.165 claimed that this peak reflects the 

thickness of the SEI layer. However, from the present data, it’s complicated to identify whether 

the SEI thickness changes during cycling since the peak intensity depends both on the component 

content and its allocation in the surface film versus z-axis. The SEI thickness will be determined 

from the further results of HAADF-STEM measurements. Figure 6.1b reveals the presence of two 

peaks in the F1s XP spectra which are associated with the K-F (~684.6 eV) and KxPOyFz (~689.4 

eV) bonding.  
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 Figure 6.1. Deconvolution of peaks at C1s (a) and F1s (b) XPS spectra of HC composite 

electrodes retrieved after 30 full charge/discharge cycles from K half cell with 2.5 M KPF6/G2 

electrolyte solution. 

Figure 6.2 depicts the XPS spectra changes versus the KPF6 salt concentration increase in 

electrolyte solutions. The distinguishable difference concerns the intensity of peak associated with 

KxPOyFz (~689.4 eV) bonding: the peak intensity is significantly declined in the SEI formed in 

dilute diglyme-based electrolyte (Figure 6.2b). It should be noted that both KF and K2CO3 might 

destroy the transport properties of formed surface layers as it was published recently166, though 

LiF and NaF are reported to improve the transport properties of SEI film in Li+- and Na+-

systems167. 

 Figure 6. 2. (a) C1s 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 KPF6/G2 electrolyte 

solutions 

The HAADF-STEM characterization coupled with STEM-EDX mapping of 30 times cycled 

HC electrode surface reveals the absence of thick SEI formation (Figure 6.3). Either the modified 
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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 evident after cycling in K cell with [2.5 M KPF6 / G2] electrolyte solution. This modified layer 

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

Figure 6.3. TEM characterization of the HC surface after 30 charge/discharge cycles in the (2.5M 

KPF6 in G2) electrolyte: (a) HAADF-STEM image, individual elemental STEM-EDX 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 anodes168,169. The positive impact of vinylene 

carbonate (VC) on carbonaceous anode materials in Li-ion batteries in terms of decreasing 

irreversible capacity and improving cycling stability was demonstrated in a number of literature 

reports170–172. VC is believed to decompose before the SEI formation thus suppressing the two-

electron reduction of ethylene carbonate (EC). Hereinafter, we intend to investigate the SEI layer 

properties via a strategy of VC addition to the carbonate-based electrolyte. The electrochemical 

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 evolution upon cycling. 

Electrochemical measurements 

The electrolyte solutions with different VC (1, 2 and 4 wt. %) and FEC (5 wt.%, 50 wt.%) 

concentrations are probed electrochemically. Since FEC is usually added in a larger amount 

because it does not destroy metal-ion battery cell kinetics, while VC is added in minimal 

concentrations to improve SEI elasticity without a loss of its transport properties173. The cyclic 

voltammetry (CV) curves were registered at a scan rate of 100 µV·s-1 in K half cells with hard 

carbon electrode utilizing different electrolyte solutions (Figure 7.1): 0.5M KPF6/EC:DEC (1:1, 

v:v); 0.5M KPF6/EC:DEC (1:1, v:v) +1 wt.% VC; KPF6/EC:DEC (1:1, v:v) +5 wt.% FEC and  

KPF6/EC:DEC (1:1, v:v) +50 wt.% FEC. The reduction current corresponding to the electrolyte 

component decomposition occurs at 1.7 V vs K+/K at the forward scan in bare carbonate-based 

electrolyte (Figure 7.1a). Whereas, in electrolyte with VC (Figure 7.1b), the VC reduction with 

the subsequent electrolyte decomposition starts at the lower potential – ~1.45 V vs K+/K. The K 

half cells with the HC electrodes and FEC as the electrolyte additive exhibit poor electrochemical 

behavior (Figure 7.1c,d) indicating enormous electrolyte degradation. Moreover, as no anodic 

peak is evidenced at forward CV scans for both FEC concentrations, we suggest the formation of 

insulating surface layers blocking K+-ion diffusion through the electrode/electrolyte interface. The 

larger FEC concentration tunes only peak current whereas the additive reduction process is anyway 

preferential in the potential range than the other electrolyte component decomposition6. Thereby, 

the FEC additive was excluded from further consideration due to its clear negative effect in PIBs. 
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Figure 7.1. Normalized cyclic voltammetry curves measured with a scan rate of 100 µV·s-1 for the 

first two cycles in K half cells with hard carbon electrode in the potential range 0.010 – 2.5 V vs 

K+/K in (a) 0.5M KPF6/EC:DEC (1:1, v:v), (b) 0.5M KPF6/EC:DEC (1:1, v:v) +1 wt.% VC, and 

(c) KPF6/EC:DEC (1:1, v:v) +5 wt.% FEC and (d) KPF6/EC:DEC (1:1, v:v) +50 wt.% FEC 

electrolyte solutions. The black solid line shows the first cycle and the red dash line – the second 

cycle. 

The electrochemical data of the HC electrodes cycled in K half cells with pristine and VC-

containing carbonate-based electrolytes are reported in Figure 7.2. The HC electrodes were further 

retrieved after 30 full charge/discharge cycles to investigate the SEI layers with electron 

microscopy tools. The difference of CV curve shapes (Figure 7.2a) between first two charge 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 products6 or from trapping of K+ inside the HC structure 

as it was suggested in Chapter 5 and reported for the Li-ion systems6. In Figure 7.2a the ICL values 

on the first cycle vary in the range of 35 - 40% of the total charge capacity, with slightly smaller 

ICL value in the pristine carbonate-based electrolyte compared to the VC-containing solutions. 

However, in the pristine carbonate-based electrolyte the ICL occurs during whole 30 
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charge/discharge cycles (Figure 7.2c) denoting continuous parasitic reactions. CE value achieves 

>99% in the 0.5M KPF6/EC:DEC (1:1, v:v) +4 wt.% VC electrolyte already at the third cycle 

(Figure 7.2c). Other K half cells with the electrolyte with smaller VC concentrations also exhibit 

the reduced ICL value and the CE value >98% after 4-13 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 data172. The observed variation of capacity values 

could originate from the reactive K metal which is used as a counter electrode in K half cells85,174. 

The same trends are preserved in Figure 7.3 illustrating the distribution of electrochemical data 

collected from three K-half cells for each electrolyte composition. 
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Figure 7.2. Galvanostatic measurements in the K-half 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 range of 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 specific 

discharge capacity (b) and Coulombic efficiency (c) on the cycle number. 
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To distinguish the potential ranges, in which the K+ intercalation, electrolyte decomposition and 

VC reduction intervene, the differential capacity (DC) plots are analyzed. In our experiments the 

enhanced reduction current corresponding to K+ intercalation and the SEI formation is observed 

at the range of ~0.01-0.5 V vs K+/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 V vs K+/K which 

corresponds to VC reduction preceding the decomposition of other electrolyte components. It 

confirms 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 molecules175.  

 

Figure 7.3. The average distribution of the dependences of the specific discharge capacity (a) and 

Coulombic efficiency (b) versus cycle number with error bars provided for three K-half cells with 

the HC electrode and carbonate-based electrolyte without and with VC additive in different 

concentrations: detected in the potential range of 0.010 – 2.5 V vs K+/K. 

It is difficult to determine the voltage at which the SEI is formed on the HC electrode from the 

presented galvanostatic measurements. Generally, it depends on the electrolyte composition, the 

experimental conditions (for instance, current density and temperature) and the catalytic properties 

of HC surface. In the case of the carbonaceous anode in Li-ion systems, the potential of the SEI 

formation is published to be lower than 1 V vs Li+/Li176,177. However, our in situ AFM 

measurements demonstrate that the SEI formation starts at 1.0-1.5 V vs K+/K for solutions with 
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VC which is discussed below. 

 

Figure 7.4. Differential capacity plots measured for the first cathodic scan in K half cells with HC 

electrode in the potential range 0.010 – 2.5 V vs K+/K in all set of electrolyte solutions: 0.5 

KPF6/EC:DEC(1:1, v:v); 0.5M KPF6/EC:DEC (1:1, v:v) +1 wt.% VC; 0.5M KPF6/EC:DEC (1:1, 

v:v) +2 wt.% VC and 0.5M KPF6/EC:DEC (1:1, v:v) +4 wt.% VC  

Evolution of SEI layer formation by in situ AFM measurements 

In situ AFM measurements are performed inside an Ar-filled glove box on cross-sections of 

a fresh HC electrode embedded in epoxy resin. 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 to 

expose fresh shiny surface and quickly placed in an AFM cell which was filled with the electrolyte. 

After that, the open-circuit voltage (OCV) drop from 3 V to 2.0-2.5 V is achieved and stabilized. 

Without these steps intensive bubble formation is observed and the bubbles floating and stacking 

around the cantilever (figure 7.5) terminated AFM measurements by interfering with the detection 

laser. 
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Figure 7.5. Optical image of a bubble that cut the detection laser beam above the AFM cantilever. 

Figure 7.7 illustrates CV curves recorded at 1 mV·s-1 scan rate and corresponding in situ 

AFM topography images of the HC surface. The registered shape of the CV curve differs from the 

conventional duck-shape CV curves obtained in the K half cells (Figure 7.1a,b). One possible 

reason is that the electrode area implemented in the AFM setup is about 7.1·10-8 m2 (Figure 7.6) 

that is 10000 times smaller than the macroelectrode area and only 100 times larger than the area 

of an ultramicroelectrode (generally, an electrode with a radius of less than 25 µm9), those 

utilization results in vanishing the duck-shape peak at CV curve under slow scan rates9,178.  

Figure 7.6. The optical image of HC electrode part embedded in epoxy resin for AFM 

measurements illustrating the geometric size of the anode. 
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Figure 7.7. CV curves and corresponding in situ AFM topography images of HC surface in (a) 

0.5M KPF6/EC:DEC (1:1, v:v) “pristine” without additive, (b) 0.5M KPF6/EC:DEC (1:1, v:v) +1 

wt.% VC, and (c) KPF6/EC:DEC (1:1, v:v) +4 wt.% VC electrolyte solutions. Scan size is 44 

µm. The slow scan direction is from top to bottom. The numbers at the top right corner of each in-
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situ scan is a voltage range of the image acquisition: the left number – the image top, the right 

number – the image bottom. The arrows indicate SEI nucleation. 

In the pristine 0.5M KPF6/EC:DEC (1:1, v:v) electrolyte solution SEI nucleation is detected 

at about 1.5V as appearance of a stable surface deposit (Figure 7.7a). The small reduction current 

associated with the electrolyte component decomposition is poorly distinguishable at the CV curve 

due to the current oscillations, but is observed in the K half cells (Figure 7.1a). At about 1.4V the 

surface is completely covered by porous SEI. Upon further SEI growth large particles on surface 

are typically observed, which contaminate the cantilever and affect detailed imaging of the SEI 

evolution. The particles disappear in the anodic cycle at about 1 V, and dense uniform SEI layer 

is formed with separate particles protruding above the SEI which are tentatively ascribed to the 

bottom inorganic SEI film. The SEI formed on HC in Li-ion batteries is mainly composed of 

electrolyte salt reduction products6. We suppose the SEI layer formation accompanied by 

electrolyte component decomposition continues at the subsequent charge/discharge cycles leading 

to the thick loose and mushy SEI film observed via SEM measurements below. 

In the 0.5M KPF6/EC:DEC (1:1, v:v) +1 wt.% VC electrolyte solution SEI nucleation is 

detected at about 1.4V and complete surface coverage is achieved at 1.1V (Figure 7.7b). At this 

stage the SEI surface is mostly composed of particles less than 50 nm in diameter with inclusions 

of particles of ~200 nm in size (see Figure 7.8). As the anodic current corresponding to the VC 

reduction occurs at 1.65 V vs K+/K, we inferred the VC reduction products do not precipitate on 

the HC surface themselves. However, their reaction with the electrolyte shifts the SEI nucleation 

to lower potential than in a pristine carbonate-based electrolyte and changes the SEI composition. 

During further cycling the particle’s size increased to ~100 nm and ~500 nm, respectively, and at 

about 0.1 V in the anodic cycle the SEI stabilized. The final SEI surface structure is similar to the 

one formed in the pristine electrolyte, but with slightly higher roughness (the root mean square 

average of profile height deviations from the mean line, Rms, 30 nm vs 18 nm). The larger particles 

appear to be agglomerates of smaller 50-100 nm particles. 
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Figure 7.8. The in situ AFM topography image of HC surface in the 0.5M KPF6/EC:DEC (1:1, 

v:v) +1 wt.% VC electrolyte solution illustrating particles less than 50 nm in diameter with 

inclusions of particles of ~200 nm in size 

In the 0.5M KPF6/EC:DEC (1:1, v:v) +4 wt.% VC electrolyte solution the SEI nucleation is 

detected at ~0.9 V and complete uniform surface coverage is achieved at ~0.8V (Figure 7.7c). 

Thus, the enhanced VC addition further decreased the SEI nucleation potential. The SEI thickness 

further grows (traces of scratches disappeared) and at 0.5V new 100-200 nm agglomerates of 

particles appear. The SEI topography is stabilized around 0.3 V in the anodic cycle with up to 1 

µm agglomerations of 50-200 nm particles, which remain stable till the end of cycling. Note that 

for all samples before SEI nucleation a viscous surface layer is detected by cantilever’s vibration 

amplitude damping. 

The CV curves measured during the AFM measurements possess oscillations. The 

oscillation amplitude decreases with increase of the VC content in the electrolyte (Figure 7.7). The 

observed periodical electrochemical oscillations are tentatively associated with the bubble 

generation from the electrode surface. Bubbles are observed during in situ AFM in an optical 

microscope (Figure 7.5). It is worth to mention that electrochemical oscillations could arise from 

three processes occurring at the electrode surface including 1) the periodic precipitation and 

dissolution of products, 2) cyclical changes of intermediate valence ions, and 3) bubble 

generation179. 

The mentioned above intensive gas formation in the pristine electrolyte solution indicates 

the continuous solvent decomposition in the course of cycling. The suggested gaseous products 

are believed to be C2H4, H2, CO2, CH4 as it was published for the carbonate-based solution decay 

(EC, DEC) evidenced in Li- and Na-ion batteries180. However, the VC addition prevents electrolyte 

decomposition as gas emission is dumped in the [0.5M KPF6 in EC:DEC + 4% wt.VC] electrolyte. 
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It agrees well with the published data about positive effect of VC on suppression of gas 

emission168. Hereinafter, the additive could preclude the formation of large amount of gases which 

is vital for the further PIB commercialization. 

Morphology and chemical composition of the cycled HC electrodes 

After cycling in different electrolyte solutions, the electrodes are retrieved from the K half 

cells after discharge step and washed in DEC during a couple of hours to remove traces of KPF6 

from the HC surface. This treatment is required despite it might partially dissolve organic 

components owing to higher solubilities of the potassium organic compounds (e.g., potassium 

alkyl carbonates and potassium alkoxides)17,117. Observations of the interior HC microstructure are 

performed on cracked microspheres in the electrode after 30 charge/discharge cycles in the [0.5M 

KPF6 in EC:DEC + 4% wt.VC] electrolyte The HR-TEM image (Figure 7.9a) reveals that HC 

consists of curled graphitic layers which locally form “packets” and “cages”. The shape of the C-

K EELS edge of the pristine HC agrees with the observed structure being very similar to that in 

partially graphitized amorphous carbon. The C-K edge consists of a strong pre-peak at 285.5 eV 

originating from the 1s→* electronic transition and a peak at 292.7 eV from the 1s→* transition 

(Figure 7.9c). In the HC material under study we did not detect any dome-like accumulation of 

graphitic packets as alleged earlier in the literature181,182. The structure of the C-K EELS edge of 

the cycled HC looks very similar to that of the pristine one, except of two clear peaks at 297.5 and 

300.1 eV belonging to the K-L2,3 edge (Figure 7.9c). This indicates that significant amount of K 

remains irreversibly trapped in HC. 

HAADF-STEM imaging allows us to define the positions in HC, which are responsible for 

irreversible K trapping. The contrast in the HAADF-STEM image scales roughly as Z2 (Z – is the 

average atomic number), thus potassium (Z = 19) and carbon (Z = 6) can be reliably discerned. 

HAADF-STEM image in Figure 7.9b shows a packet of graphitic layers (visible as layers of grey 

dots marked with black arrowheads) with virtually no scattering power in the interlayer space. In 

contrast to that, the cages (marked with white arrowheads) clearly contain K ions visible as 

prominently brighter dots. Thus, one may conclude that the positions between the graphitic layers 

intercalate K+-ion in a reversible manner whereas the cages serve as traps for the K atoms. 
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Figure 7.9. The HC microstructure upon 30 charge/discharge cycles in the [0.5M KPF6 in EC:DEC 

+ 4% wt.VC] electrolyte: (a) HR-TEM image indicates the presence of packets of curved graphitic 

layers (black arrowheads) and round cages (white arrowheads); (b) HAADF-STEM image shows 

graphitic packets (black arrowheads) with no remaining potassium and cages (white arrowheads) 

where the K atoms are trapped; (c) C-K EELS edges in the pristine and 30 times cycled HC.  
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Figure 7.10. The scanning electron microscopy (SEM) image of the hard carbon anode illustrating 

the initial electrode morphology (a) and the morphology change after 30 cycles in the pristine 

carbonate-based electrolyte (b) 0.5 KPF6/EC: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 0.010 – 2.5 V vs K+/K.  

Figures 7.10 show changes in the electrode morphology depending on the electrolyte 

composition. The HC particles of the initial electrode possess the smooth surface (Figure 7.10a) 

whereas the heap of vague shape corresponds to the Na-CMC binder and carbon additive. Upon 

cycling in the pristine carbonate-based electrolyte, the HC surface appears to be very uneven 

(Figure 7.10b). The uneven layer covering the HC sphere distinguishes in the composition from 
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the main particle and, hence, it is assigned to the formation of the SEI film (Figure 7.11, table 7.1). 

A significant part of the surface of HC spheres appears to be intact indicating that SEI is either not 

formed or it is very thin. Other parts of the spheres are covered with crumble porous substance. 

Ideally, the passivating film should be uniformly distributed over the HC surface to provide the 

stable electrochemical behavior. Otherwise, the presence of open areas results in the continuous 

electrolyte decomposition at higher current densities. Thus, one possible implication of this is that 

the detected drastic capacity fade of K-half cell with the pristine carbonate-based electrolyte 

solution could be attributed to uneven SEI formation. Furthermore, the continuous reduction of 

electrolyte components leads to observed ICL and lower values of CE during cycling as discussed 

above. More information on the structure and composition of the SEI layer formed in the pristine 

carbonate-based electrolyte can be inferred from the HAADF-STEM imaging and STEM-EDX 

mapping (Figure 7.12). The surface of the HC spheres is decorated with the particles (Figure 

7.12a,b) which may acquire faceted shape (Figure 7.12b) indicating their crystalline nature. 

STEM-EDX mapping shows that beneath the particle there is a continuous layer with the thickness 

of ~100 nm. Both particles and layer consist of K, O and F with no or very minor carbon 

component. Thus, SEI in the pristine carbonate-based electrolyte is formed mainly by inorganic 

components that are supported by the previous research works introducing A2CO3 (where A- alkali 

metal Li, Na, K) as the major SEI component with small inclusions of alkyl carbonates, oligomeric 

species of polyethylene oxide, and oxalates, and alkali metal fluorides6,170,183. 
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Figure 7.11. The scanning electron microscopy (SEM) images (a,c) and corresponding Energy-

dispersive X-ray spectroscopy (EDX) spectra (b,d) measured from the marked yellow area which 

illustrate the morphology and composition of the hard carbon anode after 30 cycles in pristine 0.5  

KPF6/EC:DEC(1:1, v:v) in the potential range 0.010 – 2.5 V vs K+/K.  

Table 7.1. Energy-dispersive X-ray spectroscopy (EDX) data for two hard carbon areas presented 

at Figure 7.11a,c illustrating the distinction in their composition 

Element 
Hard carbon area from 

Figure 7.12a, mass.% 

Hard carbon area from 

Figure 7.12c, mass.% 

C 79.02 89.59 

O 5.82 3.37 

K 12.74 6.95 

P 0 0.09 

F 2.42 0 

 

Figure 7.12. TEM characterization of the SEI layer formed after 30 charge/discharge cycles in the 

[0.5M KPF6 in EC:DEC] electrolyte: a,b) HAADF-STEM images of the surface layers at two 



110 

 

different HC particles; c) HAADF-STEM image, individual elemental STEM-EDX maps and a 

mixed color-coded EDX map; d) EDX signal intensity profiles across the surface of the HC 

particle. 

The formation of a dense and uniformly distributed SEI layer on the HC surface is observed 

on the electrodes cycled in the electrolyte with 1% and 4% VC addition (Figure 7.10c,d). VC is 

reported to improve the mechanical properties of the SEI layer in metal-ion batteries, particularly 

to increase its elasticity and resistance to HC expansion/contraction in the course of cycling168,169. 

TEM observations on the HC electrodes cycled in the electrolyte with VC additive reflect 

significant difference in the SEI structure and composition compared to that in the pristine 

electrolyte.  

 

 

Figure 7.13. TEM characterization of the SEI layer formed after 30 charge/discharge cycles in the 

[0.5M KPF6 in EC:DEC] electrolyte with 1% VC: a,b) HAADF-STEM images of the surface 

layers at two different HC particles; c) HAADF-STEM image, individual elemental STEM-EDX 

maps and a mixed color-coded EDX map; d) EDX signal intensity profiles across the surface of 

the HC particle. 
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HAADF-STEM images demonstrate that with 1% VC the SEI layer is thicker compared to 

that in the pristine electrolyte and reaches the thickness of 0.5 m (Figure 7.13a). At the same 

time, the areas are present where the SEI is significantly thinner (Figure 7.13b) and contains 

faceted crystals reminiscent to the inorganic SEI component observed in the pristine electrolyte. 

STEM-EDX mapping of the thicker parts of SEI show that it also contains K, O and F, but also a 

lot of carbon (Figure 7.13c,d). Thus, the formation of K2CO3, K2C2O4, K2O, KF, semicarbonates 

K-O-C, polyolefins, carboxylates; potassium alkyl decarbonate salts (potassium vinylene 

dicarbonate (CHOCO2K)2, potassium divinylene dicarbonate (CH=CHOCO2K)2, potassium 

divinylene dialkoxide (CH=CHOK)2) upon the reduction of electrolyte components is 

anticipated6,184,185. Similar observations have also been made on the SEI formed in the electrolyte 

with 4% VC (Figure 7.14). 

 

Figure 7. 14. TEM characterization of the SEI layer formed after 30 charge/discharge cycles in the 

[0.5M KPF6 in EC:DEC] electrolyte with 4% VC: a) HAADF-STEM image, individual elemental 

STEM-EDX maps and a mixed color-coded EDX map; b) EDX and HAADF signal intensity 

profiles across the surface of the HC particle. 

The other observed fact is related to extrusion of Na atoms from a binder Na-CMC under 

substitution with K (Figure 7.15). Thus, irreversible consumption of K+-ions by a binder also 

contributes to increasing ICL value. However, EELS and EDX data did not reveal Na+ ions in the 

HC electrode bulk (Figure 7.16). Moreover, the HC electrode composites with a Na-CMC binder 

are published to demonstrate improved capacity retention and cycle stability over commonly used 

polyvinylidene fluoride (PVDF) in K+-systems122,186. 
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Figure 7.15. HAADF-STEM images accomplished with mapping by EDX illustrate the 

distribution of C, F, K, O, Ar and Na over HC particles after 30 cycles in pristine 0.5M 

KPF6/EC:DEC (1:1, v:v). 

 

Figure 7.16. Typical EDX spectrum of HC particles after 30 cycles in pristine 0.5M 

KPF6/EC:DEC (1:1, v:v). 

Figure 7.17 schematically summarizes the hypothesized process of SEI formation and 

growth with and without the VC additive. In a pristine carbonate-based solution, the SEI layer 

starts to form when electrolyte components (solvent molecules and salt anions) decompose on the 
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HC surface. We assume that the subsequent intercalation of K+-ions results in the particle 

expansion and the SEI cracking. Freshly exposed HC surface reacts with the electrolyte 

components forming new SEI that further diminishes the CE values. When VC is added, its 

reduction shifts the SEI nucleation potential to lower values as compared with the pristine 

electrolyte solution and changes its composition. The findings of this study suggest that the 

modified SEI layer with more polymeric components possesses higher elasticity and survives the 

HC expansion/contraction during K+ intercalation/ deintercalation.  

Figure 7. 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 8 in carbonate-based 

electrolytes76) 
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Conclusion 

A combination of electrochemical measurements, in situ AFM, SEM and TEM imaging and 

spectroscopy observations reflects several origins of irreversible capacity loss (ICL) in hard carbon 

(HC) negative electrode material for K+-ion batteries. The internal HC structure is built of curled 

graphitic layers either arranged into “packets” of few nm in size or forming “cages” 1-2 nm in 

diameter. The positions between the graphitic layers within the packets are available for reversible 

K+ (de)intercalation, whereas the cages trap the K+ irreversibly thus contributing to ICL. 

Electrolyte additives play crucial role in enhancing/reducing the ICL affecting the onset potential 

for SEI formation, its structure, composition and stability. In pristine carbonate-based electrolyte 

SEI is formed mainly by inorganic components consisting of K, O and F, whereas the VC additive 

brings substantial carbon-based component to the SEI. One may speculate that this presumably 

polymeric organic component improves the mechanical properties of the SEI making it more 

resistant towards fracturing and more effectively preventing the electrolyte decomposition process 

thus reducing ICL. Additional contribution to ICL is made by the Na-carboxymethyl cellulose 

binder where Na+ is exchanged by K+ resulting in irreversible loss of potassium. These factors 

must be taken into account in the future design of PIBs. 
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Chapter 8. Summary and Outlook 

The foremost findings of the present study are crucial for K+-ion battery elaboration and are listed 

below: 

1. The hydrothermal carbonization technique (TI=180°C; t=16 h) with subsequent annealing 

at TII=1500°C was elaborated to attain superb electrochemical performance of hard carbon 

microspheres as negative electrodes in K cells. The presence of “nanosized” particles 

significantly contributes to the irreversible capacity loss at the first cycles. The enhanced 

content of “nanospheres” leads to lower CE values during the first formation cycles and to 

a faster degradation of the PIB with a [0.5 M KPF6 / EC: DEC (1: 1 by volume ratio)] 

electrolyte solution. The optimized synthesis conditions enhance the CE value up to 67% 

at the first cycle and the capacity retention up to 89% upon 30 cycles in K half cell utilizing 

carbonate-based electrolyte solution. 

2. A decrease in free solvent molecule number with increasing electrolyte concentration is 

found in [x M KPF6/G2] electrolytes (where x=1; 1.5; 2; 2.5), which results in a better 

aluminum current collector stability, formation of thinner solid electrolyte interphase (SEI) 

passivation layers, and further inhibition of solvent degradation redox processes occurring 

at the electrode surface upon cycling. The KVOPO4 and K1.44Mn[Fe(CN)6]0.90.4H2O 

cathodes exhibit an enhanced specific discharge capacity (54 and 105 mA·h·g−1 , 

respectively) in K+-ion cells with the highest electrolyte concentrations (2 and 2.5 M KPF6 

in diglyme, respectively) at a 0.1 C rate. 

3. The capacity retention of 86 % after 300 cycles at 0.6C rate with a specific capacity value 

of 90 mAhg-1 of cathode was observed for K full cell comprising 

K1.44Mn[Fe(CN)6]0.90.4H2O and HC electrodes with ether-based electrolyte solution. 

4. The internal HC structure is built of curled graphitic layers either arranged into “packets” 

of few nm in size or forming “cages” 1-2 nm in diameter. The positions between the 

graphitic layers within the packets are available for reversible K+ (de)intercalation, whereas 

the cages trap the K+ irreversibly thus contributing to ICL.  

5. Electrolyte additives play crucial role in enhancing/reducing the ICL affecting the onset 

potential for SEI formation, its structure, composition and stability. In pristine carbonate-

based electrolyte SEI is formed mainly by inorganic components consisting of K, O and F, 

whereas the VC additive brings substantial carbon-based component to the SEI. One may 

speculate that this presumably polymeric organic component improves the mechanical 

properties of the SEI making it more resistant towards fracturing and more effectively 

preventing the electrolyte decomposition process thus reducing ICL.  
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Apparently, the numerous issues should be addressed to organic electrolyte solution to 

design K full cell with prolonged cycle life and high energy density characteristics such as 

electrolyte oxidative stability, Al current collector corrosion and the ability to form the stable 

passivation layer that conducts K+-ions on both cathode and anode sides. Yet the electrolyte choice 

is unique for each pair of negative and positive electrodes. Indeed, the measurements in K half cell 

to examine intrinsic properties of electrode material should be conducted carefully with the respect 

to K metal as the capacity fade might originate from growing thick layer on its surface. 

Regarding, the K full cell comprising KMFCN and HC electrodes, further development of 

ether-based electrolyte solution composition should contain the concentration optimization of 

electrolyte additive with the reduction potential preceding the solvent reduction like VC, ethylene 

sulfite (ES) or 4-chloromethyl-1,3,2-dioxathiolane-2-oxide (CMDO). Presumably, this approach 

facilitates the stable SEI formation on HC surface and, thus, preventing electrolyte decomposition 

and decreasing the irreversible capacity loss. Furthermore, safety issues arise concerning the 

emission of CN groups in the case of thermal runaway. Thereby, the electrolyte additive acting as 

CN gas scavenger must be developed to elaborate safe K+-ion battery. 

Furthermore, concentrated KFSI-based electrolyte benefits the electrochemical performance 

of K full cell comprising carbonaceous negative electrodes since it sufficiently passivates the 

anode surface and possess oxidative stability against Al current collector corrosion. However, high 

cost of KFSI salt does not approach the requirements from stationary storage market. Hence, future 

research should be focused on elaboration of KPF6/KFSI binary-salt solutions or artificial SEI 

design. The artificial thin SEI layer formation in concentrated KFSI-based electrolyte before 

cycling might be a proper compromise between the utilization of expensive KFSI salt and its profit 

in stable SEI formation on hard carbon anode.  
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Appendices A 

Table A1. KVOPO4 lattice parameters refined by Le Bail method for pristine and cycled electrodes 

KVOPO4: space group Pn21a, after 30 cycles; 2.5-4.5 V vs K+/K  

 Initial 1M KPF6 1.5M KPF6 2M KPF6 2.5M KPF6 

a, Å 12.8105 ± 

0.0003 

12.7744 ± 

0.0005 

12.6663 ± 

0.0006 

12.7669 ± 

0.0004 

12.8027 ± 

0.0004 

b, Å 10.44511 ± 

0.00017 

10.4808 ± 

0.0003 

10.5244 ± 

0.0005 

10.4950 ± 

0.0003 

10.5412 ± 

0.0003 

c, Å 6.36641 ± 

0.00012 

6.3486 ± 

0.00017 

6.3286 ± 

0.0004  

6.35671 ± 

0.00013 

6.3517 ± 

0.0002 

Volume, Å3 851.87 ± 0.04 849.98 ± 0.06 843.63 ± 0.10 851.73 ± 0.05 857.20 ± 0.08 

wRp 2.76 3.5 6.85 2.84 3.33 
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Figure A1. The experimental, calculated and difference X-ray profiles for a) the pristine KVOPO
4
 

electrode on Al foil and for the KVOPO
4 

electrodes on the Al foil cycled upon 30 cycles in b) 1M 

c) 1.5M d) 2M e) 2.5M KPF
6 
in

 
diglyme. 
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Table A2. KMFCN lattice parameters refined by Le Bail method for pristine and cycled electrodes. 

K1.44Mn(Fe[CN]6)0.9*H2O: space group P21/c, after 30 cycles; 2.5-4.5 V vs K+/K  

 Initial 1M KPF6 1.5M KPF6 2M KPF6 2.5M KPF6 

a, Å 6.99660 ± 

0.00009 

6.9810 ± 

0.0011 

6.9385 ± 

0.0007 

6.99794 ± 

0.00011 

6.9984  ± 

0.0002 

b, Å 7.3521 ± 

0.0002 

7.3297 ± 

0.0008 

7.3965 ± 

0.0006 

7.3651 ± 

0.0002 

7.3641 ± 

0.0003 

c, Å 12.23711 ± 

0.00019 

12.2483 ± 

0.0013 

12.1776 ± 

0.0010 

12.2526 ± 

0.0003 

12.2606 ± 

0.0004 

β, ° 124.5032 ± 

0.0014 

124.337 ± 

0.008 

124.343 ± 

0.003 

124.4528 ± 

0.0016 

124.4726 ± 

0.0013 

Volume, Å3 518.745 ± 

0.013 
517.51 ± 0.11 516.01 ± 0.12 

520.717 ± 

0.014 
520.91 ± 0.04 

wRp 2.38 1.72 2.58 2.67 2.05 
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Figure A2. The experimental, calculated and difference X-ray profiles for a) the pristine 

K
1.44

Mn(Fe[CN]
6
)
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*H
2
O electrode on Al foil  and for the K
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