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Abstract： 

Future renewable energy integrated grid systems require rechargeable batteries with low 

cost, high safety, and long cycle life. The much higher abundance of sodium and potassium 

compared to lithium in earth crust indicates that rechargeable sodium and potassium batteries are 

attractive replacements for lithium-ion batteries. Rechargeable potassium batteries have gained 

tremendous attention during the past decade. However, the development of rechargeable 

potassium batteries is still in its infancy. This review summarizes the recent technological 

developments in rechargeable potassium batteries. First, we summarize the latest achievements 

of active materials design, mechanistic understanding, and exploration of new active materials. 

We propose new directions in tuning the architecture and enhancing the electrochemical 

performances of high-performance anodes and cathodes. Second, we also summarize the 

advances that have been achieved in the new configurations of rechargeable potassium battery 

systems (potassium-ion capacitors, potassium dual ion batteries, potassium-sulfur batteries, and 

potassium-oxygen batteries). Finally, we propose future directions and design strategies that 

could be employed to advance rechargeable potassium batteries toward commercial applications. 
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1. Introduction 

Lithium-ion batteries (LIBs) are ubiquitous power sources that have been widely applied in 

portable electronics, hand-held devices, and electric vehicles since their commercialization by 

SONY in 1991 [1]. As the most important rechargeable batteries, LIBs have been developing fast 

during the past thirty years. However, large-scale production of LIBs may not reduce the prices 

of LIBs significantly. Furthermore, the geopolitical concentrations of lithium and cobalt may 

impede further development of LIBs in the next decades [2], especially for the market of large-

scale renewable energy storage [3]. Large-scale energy storage is required for integrating 

electricity generated by intermittent solar and wind energy into the electrical grid. Large-scale 

renewable energy storage requires rechargeable batteries to be operated at a low cost of unit 

energy output, which requires rechargeable batteries with low capital cost per Watt-hour energy 

output [4]. Due to the limited cycle life of lead-acid batteries [5,6], the high capital cost of 

electric double-layer capacitors (EDLC) [4], and the high cost of LIBs, from an economic 

perspective, EDLCs and LIBs can not be adopted in future cost-sensitive energy storage systems. 

The high cost and scarcity of lithium resources in the earth crust have triggered scientists to 

evaluate the possibility of developing other inexpensive alkali metal ion batteries, such as 

sodium-ion batteries (SIBs) [7–9], and potassium-ion batteries (PIBs) [10,11]. Because of the 

high abundances and low costs of sodium and potassium resources compared with that of lithium, 

PIBs, and SIBs are deemed to be more cost-effective in the long term [12]. Renewed efforts have 

been devoted to developing high-performance SIBs and PIBs. Nevertheless, the research on PIBs 

remains limited. 

PIBs share the same “rocking chair” working principles with SIBs and LIBs. A 

conventional PIB has a cathode, an anode, an ion-conductive electrolyte, and a separator. The 
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cathode and anode are separated by an ion conductive, electron insulating separator filled with 

aprotic organic solvent-based K+ ion-containing electrolyte. K+ ions shuttle in the electrolytes 

and (de-)intercalate in the cathode and anode in a reversible charge-discharge process. In the 

discharge process, K+ ions deintercalate from the anode (electron loss, oxidation (anodic) process) 

and intercalate into the cathode (electron acquisition reduction, (cathodic) process). In the charge 

process, the reverse processes occur. The anode and cathode should have a large enough 

interlayer spacing or tunnel for accommodating K+ ions. To design PIBs with high output 

voltage and energy density, high capacity anodes and cathodes, anode with low operating 

potential, and cathode with high operating potential are required. Due to the different 

physicochemical properties of K+ ions compared with Li+ and Na+ ions, the electrochemistry of 

anodes and cathodes and the electrochemical performances of PIBs differ from those of LIBs and 

SIBs. It is imperative to develop high-performance anodes and cathodes for PIBs [13]. It is also 

crucial to understand the charge storage mechanism of active materials, the functions of 

electrolytes and binders, the interactions between active/inactive components, and the 

electrode/electrolyte interfacial phenomena. Like rechargeable lithium batteries (RLBs), 

rechargeable potassium batteries (RPBs) use K+ ions as charge carriers (Fig. 1). 
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Fig. 1 A schematic diagram illustrating the architecture and components of RPBs. Based on the 

different anode and cathode materials, different K+ ion-based RPBs could be constructed using 

various combinations of electrode materials.  

RPBs include PIBs employing Faradaic anodes and cathodes, potassium ion capacitors 

(PICs) based on Faradaic anode and non-Faradaic porous carbon cathode, potassium dual ion 

batteries (PDIBs) based on the anion-intercalation cathode and cation intercalation anode, 

potassium-sulfur batteries (PSBs) based on the sulfur cathode and potassium metal anode, 

potassium-oxygen batteries (POBs) based on potassium metal anode and the reversible oxygen 

cathode. RPBs resemble their predecessors of rechargeable lithium or sodium batteries. The 

distinct physicochemical properties of K+ ions, interactions between K+ ions with electrolytes 

and host electrode active materials, and interfacial phenomena compared with Li+ ions result in 

RPBs with different electrochemical performances, also some advantages and challenges. In this 

section, we briefly introduce the opportunities and challenges of RPBs. 
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Table 1 Comparisons of the physicochemical properties of three alkali metals 

Properties Lithium Sodium Potassium 

Electronic structure 

 

  

Atomic number 3 11 19 

Relative atomic mass 6.941 22.989 39.098 

Abundance in earth crust (wt. %) 0.0017 2.3 1.5 

Concentration in seawater (mg L-1) 0.1 10556 380 

Electronic configuration [He] 2s1 [Ne] 3s1 [Ar] 4s1 

Density (g cm-3) 0.535 0.968 0.856 

Metal melting point (oC) 180.5 97.7 63.4 

Metal boiling point (oC) 1342 883 759 

Shear modulus (GPa) 4.1 3.3 1.3 

Eθ vs. SHE (V) -3.04 -2.71 -2.93 

Eθ vs. SHE in PC (V) [14] -2.79 -2.56 -2.88 

Atomic radius (pm) 145 180 220 

Shannon ionic radius (Å) [14] 0.76 1.0 1.4 

Stokes radius (Å) in PC [15] 4.8 4.6 3.6 

Desolvation energy in EC (kJ mol-1) [16] 208.9 152.8 114.6 

Desolvation energy in PC (kJ mol-1) [17] 215.8 158.2 119.2 

Desolvation energy in DEC (kJ mol-1)  205.6 147.9 105.1 

Theoretical capacity (mAh g-1) 3827 1165 685 

ET of M-O2 battery (Wh kg-1)a 3458 1605 935 

ET of M-S battery (Wh kg-1)b 2615 1273 914 

Cost of carbonate ($ ton-1) [16] 6500 200 1000 

Cost of metals ($ ton-1) [16] 100000 3000 13000 

Cost of X-PF6 (AU$ ton-1)  10340 3764 492 

a Theoretical energy density (Wh kg-1) is calculated based on the discharge products of Li2O2, Na2O2, and KO2. 
b Theoretical energies density (Wh kg-1) is calculated based on the discharge products of M2S. 

1.1 Opportunities of RPBs 

The standard equilibrium potential of K/K+ (-2.93 V vs. SHE) is only 110 mV higher than 

that of Li/Li+ (-3.04 V), but is 220 mV lower than that of Na/Na+ (-2.71 V) (Table 1), which 
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makes it possible to develop high voltage PIBs. The equilibrium potential of K metal in 

propylene carbonate (PC) based electrolyte is even lower than that of Li metal (Table 1) [14]. 

The low redox potential of K/K+ is the primary motivation to develop high-voltage RPBs. 

Although the atomic mass of K is much higher than Li and Na, for PIB, K mainly contains in the 

anode and cathode hosts, the gravimetric capacities of anodes and cathodes do not compromise 

too much with respect to the Li-counterparts [17]. Another merit is the relatively high earth 

abundance of potassium (1.5 wt. %) which is comparable to sodium (2.3 wt. %) and much higher 

than lithium (0.0017 wt. %). Despite the higher price of potassium metal compared with sodium, 

the higher earth abundance of potassium makes potassium compounds much cheaper compared 

to the lithium counterparts (Table 1). From the perspective of manufacturing, like sodium, 

potassium does not alloy with aluminum electrochemically, which makes the utilization of cheap 

aluminum foil as the anode current collector in RPBs possible. The utilization of aluminum as 

anode and cathode current collector lowers down the capital cost of the inactive components in 

RPBs below that of RLBs [18].  

The K+ ion (1.38 Å) has a much larger Shannon ionic radius than Li+ ion (0.68 Å) and Na+ 

ion (0.97 Å). The much larger ionic radius of K+ results in a low charge density and low Lewis 

acidity, which gives rise to weak interaction and low desolvation energy between K+ ions and 

solvent molecule in carbonate electrolytes (Table 1) [19]. The low desolvation energy results in 

a lower energy barrier for the passage of K+ ions through the solid electrolyte interphase (SEI). 

As a result of the weak interaction between K+ ions and solvent molecules, K+ ions have a much 

smaller Stokes radius of 3.6 Å in propylene carbonate (PC) solvent compared with lithium ions 

(4.8 Å) and sodium ions (4.6 Å) (Table 1). The smaller Stokes radius of K+ ion allows fast ion 

transportation, which results in high ionic conductivity and high diffusion coefficients of K+ ions 
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in organic electrolytes [14,20]. The desolvation energy of K+ with conventional solvents are 

much smaller than those of Na+ and Li+, which could lead to higher rate capabilities of PIB 

electrode materials compared to those of LIBs, and SIBs. 

Potassium metal has a much lower theoretical gravimetric capacity (685 mAh g-1) compared 

with lithium metal (3827 mAh g-1), and sodium metal (1165 mAh g-1). The theoretical 

volumetric capacity of potassium metal is only 586 mAh cm-3 which is much lower than the 

theoretical volumetric capacity of lithium metal (2047 mAh cm-3). However, it remains valuable 

to investigate potassium metal as a practical anode of RPBs since potassium metal has much 

higher gravimetric and volumetric capacities than most alloying and intercalation anodes [21,22]. 

Potassium metal has a much lower shear modulus (1.3 GPa) than lithium (4.1 GPa) and sodium 

(3.3 GPa) metals, which could ensure smooth K-metal anodes by mechanical pressure strategies. 

The lower melting point of potassium metal (63.4 oC) than lithium (180.5 oC) and sodium (97.7 

oC) metals could enable easier self-healing of potassium dendrites by Joule heat [23] than lithium 

metal anodes [24].  

1.2 Challenges of RPBs 

Potassium ion-based potassium-sulfur batteries (PSBs) (theoretical energy density, 914 Wh 

kg-1), and potassium-oxygen batteries (POBs) (theoretical energy density, 935 Wh kg-1) have 

much lower theoretical energy densities compared with their lithium and sodium counterparts 

(Table 1). The much lower energy densities of PSBs and POBs are mainly attributed to the low 

specific capacities of potassium metals. On the cathode side, the low Lewis acidity of K+ ions 

may render different electrode kinetics of oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER), compared with the ORR and OER in Li+ and Na+ containing aprotic 

electrolytes [25,26]. PSBs and POBs remain promising in future applications, as in the 
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developments of RPBs, we expect not only high energy density but also low-cost and long 

cycling life. 

Although the low Lewis acidity and small Stokes radius of K+ ion endow K+ with high 

diffusion coefficient in electrolytes, the diffusion coefficient of K+ in bulk host materials is 

largely limited due to the large ionic radius of K+ ion. For example, the diffusion coefficient of 

K+ ion in hard carbon is lower than that of Na+ [27]. The low Lewis acidity of K+ may lead to the 

weak interaction between the SEI component and K+ ion, which gives rise to weak mechanical 

strength and may impede the development of K-metal anodes. The much larger ionic radius of 

K+ than that of Na+ and Li+ may result in low potassium concentration in transition metal oxide 

(TMO) cathodes, high repulsion, distortion of the crystal lattice, and the structural damage of 

host materials during repeated (de-)potassiation [28]. The large ionic radius of K+ also results in 

a high volume variation of host materials. As an example, fully lithiated stage I LiC6 is 10% 

larger than graphite. However, the fully potassiated stage I KC8 is 61% larger than the pristine 

graphite [29]. Another example is Sn4P3 that experiences a volume change of 680% [13]. This 

high volume variation during repeated (de-)potassiation may result in the structural damage and 

inferior cycling stability of electrode materials [29]. Other well-developed alloying and 

conversion anodes of PIBs also face higher volume variation and pulverization than that of SIBs 

and LIBs. The larger ionic and atomic radii of potassium may result in high irreversible capacity 

in the initial cycles [29,30]. The development of potassium metal anode may be more difficult 

than the development of lithium, and sodium metal anodes, due to the highly reactive nature of 

potassium metal and the fragile nature of SEI formed on potassium/electrolyte interface [31]. 

The unstable SEI could lead to uneven reflux of potassium ions and aggravate dendrite formation 

[32]. On the one hand, RPBs are intended to be utilized in future large-scale stationary energy 
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storage, where energy density is not the primary consideration. Nevertheless, if the practical 

energy densities of RPBs are lower than nickel-based alkaline batteries and lead-acid batteries 

[33,34], given the low capital cost of these two batteries, RPBs could hardly find any market in 

renewable energy storage. Therefore, the energy density of RPBs, or performance/price ratio, 

should be taken into consideration when developing prototype RPBs. The energy density should 

be calculated based on all the active and inactive components of RPBs [35]. For practical 

applications, RPBs need to have an energy density above 100 Wh kg-1, where they can fill well 

the gap between commercialized LIBs and lead-acid batteries. 

The past decade has witnessed the fast development of RPB technologies accompanied by a 

rapid increase in publication numbers each year, especially after 2015 [13]. Renewed efforts 

have been devoted to interpreting the electrochemical behaviors of (de-)potassiation of various 

anodes and cathodes, developing comprehensive designing strategies of advanced electrode 

structures, modulating the electrode/electrolyte interfaces, and developing novel RPB devices 

based on K+ ions as charge carriers. In this review, we summarize the latest achievements in the 

design and mechanistic studies of active materials in RPBs, the issues facing the development of 

RPBs, and possible strategies and methodologies that could be employed in the future to achieve 

fast charge, long cycling life, cost-effective, and high energy-efficiency RPBs. 

 

2. Rechargeable Potassium Batteries 

2.1 RPB Configurations 
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Fig. 2 Schematic diagrams illustrating the architectures of various rechargeable potassium 

batteries. (a) PIBs. (b) PICs. (c) PDIBs. (d) PSBs, (e) POBs. Each rechargeable battery possesses 

two electrodes (cathode and anode), a separator, and an electrolyte. All of these illustrations 

show the discharge process. 

Similar to RLBs, RPBs are rechargeable batteries using K+ ions as charge carriers. RPBs 

can be classified into different configurations, such as PIB, PIC, PDIB, PSB, and POB (Fig. 2). 

In principle, RPBs are composed of two electrodes (anode and cathode), an ion-conducting 

electrolyte, and an electronic insulating separator. PIBs are based on Faradaic anodes and 

cathodes (Fig. 2a). PIC is a hybrid electrochemical capacitor based on K+ ion-containing 

electrolyte. In a hybrid PIC, to enhance the rate capability of RPB, usually, the cathode is a non-

Faradaic EDLC-type porous carbon. A typical combination is graphite anode coupled with a 

porous carbon cathode (Fig. 2b) [35]. More generally, to balance the power capability of anodes 

and cathodes; usually, one side is a Faradaic type, and the other side is EDLC-type [36]. PDIB 

utilizes both potassium cation (K+) and anions (such as hexafluorophosphate, PF6
-, 

bis(fluorosulfonyl)imide, FSI-, and trifluoromethanesulfonimide, TFSI-) as charge carriers. In the 
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charge process of a PDIB, K+ ions intercalate in the anode, while anions intercalate in the 

graphite cathode (Fig. 2c) [37,38]. PSB and POB are very similar to their lithium counterparts: 

lithium-sulfur battery and lithium-oxygen battery. PSB is based on the potassium metal anode 

and sulfur cathode, respectively (Fig. 2d) [39], while POB is based on the potassium metal anode 

and reversible oxygen cathode (Fig. 2e) [40].  

2.2 A Brief History of RPBs 

 

Fig. 3 A summary of the key milestones in the development of rechargeable potassium ion 

batteries (RPBs).  
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Fig. 3 depicts the major milestones in the development of RPBs. The research on the 

intercalation chemistry of K+ ions started in 1980s [41]. The research of K+ ion intercalation 

chemistry lagged behind the Li+ and Na+ intercalation chemistry due to the larger size and 

heavier atomic weight of K+. In 1954, Rudorff and Schultze discovered the potassium graphite 

intercalation compound (GIC) [42,43]. The K+ intercalation chemistry in Prussian blue analogue 

started in 1980s [41]. In 2010, Yang et al. found the phenomenon of dilute potassium 

intercalation in graphite in a molten KF electrolyte at 1163 K [44]. The development of POB is 

early than the discovery of graphite anode of PIBs. In 2013, Wu et al. studied the first POB with 

low charge-discharge polarization in 0.5 M KPF6/1,2-dimethoxyethane (DME, or diglyme) 

electrolyte [25]. The POB cathode was determined as a one-electron charge transfer process of 

O2/O2
- redox couple. In 2014, Wang et al. investigated the potassiation of amorphous carbon 

fiber using in situ transmission electron microscopy (TEM) technique. Defective carbon shows 

higher volume change and superior potassium ion storage capacity [45]. In 2014, Chen et al. 

investigated a PSB using K-metal as the anode and ordered mesoporous carbon (CMK-3)/sulfur 

as the cathode [46]. In 2015, the electrochemical intercalation of K+ ion in graphite in carbonate-

based ethylene carbonate: diethyl carbonate (EC:DEC) electrolyte was demonstrated by Komaba 

et al. and Ji et al. [14,29]. Ji et al. demonstrated the potential-dependent formation of GICs of 

stage III KC36, stage II KC24, and stage I KC8 in the potassiation process of graphite. After the 

discovery of electrochemically formed KC8 GIC, the research on RPBs accelerated. In 2015, Lu 

et al. fabricated a PSB using K+-conducting β-Al2O3 as the electrolyte, the final discharge 

product of cathode is K2S3 and K2S2.[39] Since the discovery of the graphite PIB anode, various 

alloying (Sb, Bi, Sn, P, and Pb) and conversion (metal oxides, metal sulfides) anodes have been 

intensively investigated. Alloying and conversion anodes usually exhibit inferior cycling stability 
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due to the volume variation and active materials pulverization during (de-)potassiation. In 2017, 

Tang et al. and Lu et al. designed a PDIB based on anion intercalation graphite cathode, 

respectively [37,47]. Goodenough et al. fabricated the cyanoperovskite KxMnFe(CN)6 as a PIB 

cathode with a high capacity of 142 mAh g-1 [48]. In 2017, Wu et al. achieved reversible K-metal 

plating and stripping in KFSI/DME electrolyte [31]. In 2018, Chen et al. demonstrated the 

significance by tuning the solid electrolyte interphase (SEI) of bismuth electrodes using DME-

based electrolytes [49]. In 2019, Lu et al. fabricated an organic oxygen battery with ultra-long 

cycling life using a potassium biphenyl complex as the anode in 1 M KPF6/dimethylsulfoxide 

(DMSO) electrolyte [50]. Hu et al. fabricated an aqueous PIB using 3,4,9,10-

perylenetetracarboxylic diimide (PTCDI) anode and Prussian blue cathode in 22 M potassium 

trifluoromethanesulfonate (KCF3SO3) water-in-salt electrolyte [51]. For the future 

commercialization of PIB, high-performance electrode materials produced in a large-scale 

process are required. In 2020, various high-capacity carbonaceous anodes were developed. 

Alshareef et al. prepared high edge-nitrogen (pyrrolic and pyridinic nitrogens) doped carbon 

anodes exhibiting high capacity and superior cycling stability [52,53]. Cao et al. prepared pitch-

derived soft carbon anodes in large scale [54]. In 2020, Guo et al. achieved stable cycling of 

potassiated K0.5MnO2 cathode in potassium bis(fluorosulfonyl) imide/triethyl phosphate 

(KFSI/TEP) electrolyte [55]. It needs to be noted here that the advances of PIBs are not limited 

to the above-mentioned milestones. There are many excellent works devoted to designing 

advanced electrode materials and understanding the electrode/electrolyte interface. These 

remarkable works are reviewed in the following sections. 

3 Potassium Ion Battery 

3.1 Cathodes of PIB 
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Cathodes of PIBs store and release K+ ions in the discharge and charge processes, 

respectively. When K+ ion intercalation/deintercalation occurs in the cathode, the redox couple 

of certain elements in the cathode compound experience oxidation/reduction. The most well-

studied cathodes are based on transition metals as redox centers (Fe, Mn, V, Co, etc.). These 

transition metal elements are bonded with O, P-O, or CN bonds, forming compound cathodes. 

Some organic compounds could also be used as cathodes for hosting K+ ions. 

3.1.1 Layered Transition Metal Oxides 

 

Fig. 4 (a) XRD pattern and structural schematic of P3-K0.5MnO2. (b) In situ XRD of P3-

K0.5MnO2 during a round-trip charge-discharge process. (c) Dependence of formation energies of 

P3, O3, and O1 structures of KxMnO2 on the K content calculated by DFT. (d) Experimental and 

DFT calculated voltage profiles. Reproduced with permission [56]. Copyright 2017, Wiley-VCH. 

(e) XRD pattern and schematic structure of P2-type K0.6CoO2. (f) In situ XRD patterns of P2-
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type K0.6CoO2 during a round-trip of the charge-discharge process. (g) The electrochemical 

performances of P2-type K0.6CoO2 cathode. Reproduced with permission [57]. Copyright 2017, 

Wiley-VCH. 

Layered transition metal oxides (TMOs) are expressed by the general chemical formula of 

AMO2. A is the alkali metal, while M is the transition metal. A common notation is used to 

describe the TMO cathode structure. The letter O is used to designate edge-sharing octahedra, 

and the letter P is used to designate face-sharing prisms, followed by a number to indicate the 

structure and stacking periodicity of the cathode material (e.g., P3-TMOs) [58]. For example, in 

P3-K0.5MnO2, the slabs of prism alkali and octahedral transition metal in the crystal structure 

recur in a period of three (Fig. 4a). Potassium layered TMOs may have advantages over lithium 

and sodium layered TMOs. In LiMnO2, the layered structure experiences rearrangement of Mn 

and Li ions to form spinel [59]. This also occurs in some sodium TMOs [60]. Ceder et al. 

reported the transformation of layered P’3-Na0.4CrO2 to the rock-salt CrO2 phase, in which the 

O3-NaxCrO2 is intermediate [60]. This permanent structural transformation in potassium TMOs 

is energetically more difficult than lithium and sodium TMOs, which is ascribed to the larger K+ 

ion size than Na+ and the less favorable transition metal migration. Potassium manganese TMOs 

are attractive due to their abundance, low cost, environmental friendliness, and high operating 

voltage [61]. Manganese TMO cathodes are based on the Mn3+/Mn4+ redox couple. Due to the 

large size of K+ ions, the potassium content in TMO is more limited, and the Coulombic 

repulsion between K+ ions is more significant compared with their lithium and sodium 

counterparts [28]. Thus, its capacity and cycling stability are inferior to lithium and sodium 

counterparts. In 2017, Ceder et al. reported a P3-type K0.5MnO2 as a cathode of PIBs [56]. The 

XRD results reveal a two-phase P3-type (space group R-3m) and orthorhombic phase (space 

group Cmcm), in which P3-type is the main phase (the potassium prism and MnO6 octahedra are 
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stacked in ABBCCA mode) (Fig. 4a). P3-type K0.5MnO2 demonstrates a reversible capacity near 

100 mAh g-1 in the voltage range of 1.5 to 3.9 V vs. K/K+ in 0.7 M KPF6/EC:DEC electrolyte. In 

the charge process, K0.5MnO2 experiences two-phase transformations with specific potassium 

contents (0.395 < x < 0.425, and 0.316 < x < 0.364 in KxMnO2) (Fig. 4b). The (003) and (006) 

peaks shift to lower angles indicating the expansion of MnO2 slab distance. The disappearance of 

(015) peak and the appearance of (014) shoulder peak demonstrates the transformation from P3 

to O3 structures. Upon K+ extraction from K0.34MnO2, a new set of peaks in the left of (003) and 

(006) peak appears, which indicates another X phase transition. X phase may remain O3 stacking 

as the shoulder (014) peak is still prominent from K0.34MnO2 to K0.27MnO2. Ceder et al. further 

did density functional theory simulations to understand the potassiation behavior of P3-type 

K0.5MnO2. P3-type framework has the lowest energy at high K content of 0.5 and 0.66, while O3 

type framework becomes stable at K contents of 0.25 and 0.33 (Fig. 4c), which is in line with the 

observation by in situ XRD. The density functional theory (DFT) calculated voltage profile is in 

accordance with the experimental results (Fig. 4d). Guo et al. demonstrated that a P3-type 

K0.5MnO2 shows a more stable cycling performance in 2.5 M potassium bis-(fluorosulfonyl) 

imide/triethyl phosphate (KFSI/TEP) electrolyte than that in a comparative 2.5 M KFSI/EC:DEC 

electrolyte in the voltage range from 2.0 to 4.2 V [55]. The reason for the above phenomenon is 

not the formation of a passivation layer, but EC causes the exfoliation of the layered structure of 

K0.5MnO2. The intercalation of EC molecules is due to the small diameter of EC molecule (1.22 

Å), and the large interlayer distance of the depotassiated K0.5MnO2 (∼6.44 Å). 

Ceder et al. reported P2-type K0.6CoO2 with hexagonal symmetry and space group of 

P63/mmc exhibiting a reversible potassium content of 0.33 < x < 0.68 as a cathode of PIB (Fig. 

4e) [57]. The potassium content of 0.6 is lower than its sodium analog (Na0.74CoO2) [62], which 
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is due to the larger K+ ion size compared to Na+ ion. P2-type K0.6CoO2 exhibits a reversible 

capacity of 62 mAh g-1 in the voltage range of 1.7 to 4.0 V (0.35 K+ is reversibly 

inserted/extracted). In situ XRD demonstrates the shift of the (008) peak to lower angles, 

suggesting the repulsion between CoO2 slab upon K+ ion deintercalation. Multi-phase transitions 

were observed due to K+/vacancy ordering. The in situ XRD reveals a 3.5% expansion along the 

c-axis, which is similar to that of Na0.74CoO2 (4%) (Fig. 4f). P2-type K0.6CoO2 displays a 

reversible capacity of 78 mAh g-1 at 2 mA g-1. When K0.6CoO2 is charged and discharged at 100 

mA g-1, capacity retention of 60% is achieved after 120 cycles (Fig. 4g). Komaba et al. reported 

the P2- and P3-KxCoO2 as cathodes of PIBs in the voltage range of 2.0 to 3.9 V [63]. The 

electrochemical behavior of P2-KxCoO2 resembles that of P3-type in terms of capacity (60 mAh 

g-1) and cycling stability (limited to 30 cycles). Wang et al. synthesized micro-sized P2-K0.6CoO2 

microspheres assembled with secondary nanoparticles [64]. The micro-sized morphology could 

reduce side reactions, while the secondary nanoparticle could enhance the DK
+. This P2-

K0.6CoO2 microsphere exhibits a reversible capacity of 82 mAh g-1 at a charge-discharge current 

density of 10 mA g-1, high capacity retention of 87% at 40 mAh g-1 after 300 cycles. Similarly, 

Barpanda et al. synthesized P2-type Na0.84CoO2 that delivers a capacity of 82 mAh g-1 [65].  

Multiple transition metals are prone to disturb the K+/vacancy ordering and reduce the 

voltage steps. Ternary potassium TMOs are promising candidates for PIBs. Luo et al. 

synthesized layered K0.67Ni0.17Co0.17Mn0.66O2 by co-precipitation assisted solid-state reaction. 

K0.67Ni0.17Co0.17Mn0.66O2 delivers a reversible capacity of 76 mAh g-1. To mitigate the structural 

change of K0.5MnO2, half Mn was replaced by Co, and P3-type layered structure 

K0.54[Co0.5Mn0.5]O2 was synthesized by a combustion method by Sun et al. [66]. The 

introduction of Co in the layer structure reduced the utilization of the Mn4+/Mn3+ redox couple. 
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The sharing of oxygen with CoO6 octahedra like O-Mn-O-Co-O in the octahedral environment 

are predicted to minimize the Jahn-Teller distortion (elongation of Mn-O distance in one 

direction in the octahedral environment at a deep potassiated state). P3-K0.54[Co0.5Mn0.5]O2 

delivers a high reversible capacity of 120 mAh g-1 in the voltage range of 1.5–3.9 V and high 

stability with a capacity retention of 62% for 500 cycles at 500 mA g-1. More importantly, P3-

K0.54[Co0.5Mn0.5]O2 undergoes reversible structural changes with a single-phase reaction upon 

repeated charge-discharge processes. Ternary potassium Fe-Mn TMOs are also developed as 

high-performance cathodes. Mai et al. developed an earth-abundant Fe/Mn-based layered 

K0.7Fe0.5Mn0.5O2 that exhibits a high initial capacity of 178 mAh g-1 [67]. Wang et al. developed 

a P2-type K0.65Fe0.5Mn0.5O2 (P2-KFMO) microspheres assembled with secondary nanoparticles 

through a solvent-thermal method [68]. P2-KFMO displays a high reversible capacity of 151 

mAh g-1 at 20 mA g-1 and superior cycling stability with a retention of 78% after 350 cycles. Ex 

situ XRD demonstrates the reversible P2 to O2 phase transformation  

Surface decoration is an effective strategy that can be applied to enhance the stability of 

bulk cathode and cathode/electrolyte interface. Wang et al. carried out an AlF3 surface 

decoration strategy to improve the cycling stability of layered birnessite K1.39Mn3O6 [61]. AlF3 

acts as an artificial cathode electrolyte interphase (CEI) that could effectively avoid parasitic 

reactions and improve structural stability. AlF3 coated hierarchical K1.39Mn3O6 microspheres 

(AlF3@S-KMO), as the cathode of PIB, delivers a high capacity of 73 mAh g-1 in the voltage 

ranging from 1.5 to 4.0 V vs. K/K+ after 100 cycles. Need to be noted that with an AlF3 artificial 

CEI strategy, the charge transfer resistance is reduced while the DK
+ ions is enhanced.  

Chromium-based layered TMOs have also been developed as cathodes for PIBs [69]. Pyo et 

al. proposed P’3-type Na0.52CrO2 as a cathode of PIB [70]. P’3-type Na0.52CrO2 accommodates 
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0.35 K+ per formula, corresponding to a reversible capacity of 88 mAh g-1. P’3-type Na0.52CrO2 

experiences a reversible transition between monophasic (Na0.52CrO2) and biphasic states during 

repeated (de-)potassiation. Potassiation induces a sudden phase separation, which ultimately 

results in a biphasic structure (K+-free O3-NaCrO2 and K+-rich P3- K0.6Na0.17CrO2). Sun et al. 

synthesized P3-type Na0.52CrO2 from O3-NaCrO2 via an ion-exchange process in K metal//0.5 M 

KPF6/EC:DEC//NaCrO2 half cell at 100 mA g-1 for 300 charge-discharge cycles [71]. The as-

prepared P3-K0.69CrO2 delivers a high discharge capacity of 100 mAh g-1 and exhibits extremely 

stable cycling stability with a 65% retention over 1000 cycles at a 1C rate. Zhou et al. reported 

O3-type Na0.9Cr0.9Ru0.1O2 (NCRO) as a cathode. NCRO delivers a high capacity of 100 mAh g-1 

and high capacity retention of 80% at 0.5C after 300 cycles [72]. The authors observed two 

phases of O3 (K+-free phase) and P3 (K+-rich phase) coexist in the discharged NCRO, which is 

similar to the P’3-type Na0.52CrO2 reported by Pyo et al. [70].  

Vanadium based layered TMOs could also be used as cathodes in PIBs [73–79]. Yan et al. 

prepared δ-K0.51V2O5 nanobelts (KVOs) with a large interlayer spacing of 9.5 Å by 

reconstructing the V-O polyhedra of orthorhombic α-V2O5 through a facile chemical pre-

intercalation method [76]. The as-prepared KVO displays a reversible capacity of 131 mAh g-1 at 

an average voltage of 3.2 V and superior rate capability at 10 A g-1. Pomerantseva et al. 

synthesized chemically pre-intercalated bilayered vanadium oxide (δ-K0.42V2O5·0.25H2O) as a 

cathode for PIB. δ-K0.42V2O5·0.25H2O with an interlayer spacing of 9.65 Å displays a capacity 

of 268 and 226 mAh g-1 at C/50 and C/15, respectively [73]. This capacity is significantly higher 

than other TMOs. A mechanistic study reveals that the diffusion-controlled intercalation 

dominates the (de-)potassiation process. A recent study reported the K+ storage capability in 

high-voltage layered tellurate-type K2Ni2TeO6 in 0.5 M KTFSI based ionic liquid electrolyte 
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[80]. This layered TMO could deliver a capacity of 70 mAh g-1 in the voltage range from 1.3 to 

4.7 V with decent cycling stability.  

The main issue for layered TMO cathodes is their high K+-K+ repulsion within the K+ layer. 

Hence, its initial potassium content and reversible capacity may be lower than its lithium and 

sodium analogues. The large K+ ion size could lead to multiple phase transitions during (de-

)potassiation, slope charge-discharge curves, which inevitably leads to lower energy density, and 

also high voltage polarization. Multiple transition metals and partial replacement with inactive 

metals are prone to disturb the K+/vacancy ordering and reduce the voltage steps. The large K+ 

ion size and slab distance make the potassiated TMOs vulnerable to ambient water intercalation 

and oxidation. It is necessary to prepare TMOs with high capacities, low voltage polarization, 

and stable cycling stability.  

3.1.2 Prussian Blue Analogues 
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Fig. 5 (a) Schematic diagram of the crystal structure of Prussian blue. Reproduced with 

permission [81]. Copyright 2012, Royal Society of Chemistry. (b) Preparation illustration of 

KxMnFe(CN)6 (KMHCF). (c) Charge-discharge profile of a KMHCF cathode between 2.5 and 

4.6 V at 0.2C. Reproduced with permission [48]. Copyright 2017, American Chemical Society. 

(d) XRD patterns and full profile refinement of the KFeHCF-S electrodes. (e) The schematic 

illustration showing the reversible structural transition from monoclinic K2FeFe(CN)6 to cubic 

FeFe(CN)6 upon depotassiation. (f) Correlation between particle size and electrochemical 

performance at a current density of 20 mA g-1. Reproduced with permission [82]. Copyright 

2017, American Chemical Society. (g) Schematic illustration of the formation of PP/PB and 

photographs of PP/PB with different patterns. Reproduced with permission [83]. Copyright 2018, 

Elsevier. 

Prussian blue and its analogues represent a family of metal hexacyanoferrates (HCFs) with a 

general formula of AxM[Fe(CN)6]y·nH2O, where A denotes the alkali metal ions (Li+, Na+ and 

K+), M denotes the transitional metal ions (Fe, Ni, Co, etc.), and x varies from 0 to 2 depending 

on the valence state of M and Fe. Prussian blue (PB) has a typical face-centered cubic lattice 

with a space group of Fm-3m. In the cubic PB, the alternating connection of MN6 and FeC6 

octahedra by cyanide (-C≡N-) ligands forms a rigid metal-organic framework (Fig. 5a) [81]. 

This cubic framework provides large interstitial void sites, which enables the facile intercalation 

chemistry of a variety of cations, such as Li+, Na+, K+, NH4
+, etc. and water [84,85]. Recently, 

PB analogues have attracted a lot of attention for the application in PIB cathodes due to its low 

cost, environmental friendliness, and double actives sites of M and Fe (Fe2+/Fe3+) [86]. The 

transformation between Prussian white (PW, usually reported as pale blue color), Prussian blue 

(PB), and Berlin green (BG) with decreasing alkali metal ion concentration is shown as follows, 

respectively (Equation 1 and 2). 

K2M
II[FeII(CN)6] (PW) → KMIII[FeII(CN)6] (PB) + K+ + e-    (1) 

KMIII[FeII(CN)6] (PB) → MIII[FeIII(CN)6] (BG) + K+ + e-    (2) 

For simplicity, we refer to all the analogues, including Prussian blue, Prussian white, Berlin 

green, as Prussian blue analogues (PBAs). The rigid and open framework of PBA enables 
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efficient (de-)intercalation chemistry, low lattice deformation, and high cycling stability. For 

alkali metal ion intercalation, K+ ion shows higher structural compatibility. PBA favors larger K+ 

ions than smaller Li+ and Na+ ions [18]. PBAs have been proposed as cathodes for LIB [87], and 

exhibit inferior cycling stability compared with their performances in SIBs [84] and PIBs [88–

90]. The inferior cycling stability of PBAs in LIBs is attributed to the mismatch between the 

small size of Li+ ion and the large interstitial void sites of PBAs. PBAs are usually prepared from 

precipitation methods [91], through which water molecules could remain in the interstitial void 

sites. Rojo et al. have demonstrated that K-PW (K2-xFe2(CN)6·yH2O) has a 0.35 V higher 

operating voltage and longer cycle life than Na-PW (Na2-xFe2(CN)6·yH2O).[92] Goodenough et 

al. reported the Na+ ion in sodium-based PW (Na2MnFe(CN)6) could be gradually replaced by 

K+ ion in the cycling process [93]. The preference for intercalation of larger alkali metal ions is 

also revealed by DFT calculations [94]. Goodenough et al. prepared KxMnFe(CN)6 (KMHCF) 

powders by a precipitation method (Fig. 5b). KMHCF displays a reversible capacity of 142 mAh 

g-1, approaching its theoretical capacity of 156 mAh g-1 with two discharge plateaus at 3.70 and 

3.56 V (Fig. 5c). The plateaus at high and low potentials are assigned to high-spin Mn3+/Mn2+ 

and low-spin Fe3+/Fe2+ redox couples, respectively. KMHCF displays high voltage hysteresis 

during charge and discharge. The high voltage hysteresis may be ascribed to the low 

concentration of KClO4 in propylene carbonate (PC) solvent [18,93]. Later, Xie et al. reported a 

sodium PW (Na2Mn[Fe(CN)6]) as a cathode of PIB with low voltage polarization [87]. This 

sodium PW displays a capacity of 141 mAh g-1 with an average voltage of 3.8 V and high 

cycling stability in KPF6/EC: DEC electrolyte. Many authors have investigated Fe-based PBAs 

as cathodes of PIB [88,89,95–97]. Liu et al. prepared ferrous ferricyanide (KFeII[FeIII(CN)6]) 

nanoparticles as the PIB cathodes [90]. This KFeII[FeIII(CN)6] electrode displays a discharge 
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capacity of 118 mAh g-1 at an operating voltage of 3.34 V and ultra-high cycling stability of 

1000 cycles with a high capacity retention of 80% at 100 mA g-1. The appearance of two voltage 

plateaus during discharge corresponds to the high-spin Fe3+/Fe2+ redox couple (connected with N) 

and the low-spin Fe3+/Fe2+ redox couple (linked with C). Lei et al. prepared 

K0.220Fe[Fe(CN)6]0.805⋅4.01H2O nanoparticles as a PIB cathode which exhibits a discharge 

voltage of 3.1 to 3.4 V with a reversible capacity of 73.2 mAh g-1 [98]. As a green synthesis 

strategy, Zhang et al. developed a novel facile strategy by transforming the corrosion layer of 

stainless steel meshes (SSM) into Prussian blue nanocubes (PB@SSM). The PB@SSM has been 

further coated with graphene oxide to enhance its conductivity (GO@PB@SSM). 

GO@PB@SSM electrode exhibits superior performances in terms of high capacity (96.8 mAh g-

1), high discharge voltage (3.3 V), high rate capability (1000 mA g-1 with a 42% capacity 

retention) [99]. Nazar et al. controlled the dimension of Fe-based Prussian white 

(K1.7Fe[Fe(CN)6]0.9) particles [82]. Using ex situ XRD, the structural evolution during (de-

)potasaition is revealed. After deintercalation, monoclinic (K2FeII[FeII(CN)6]) is transformed into 

cubic FeIII[FeIII(CN)6]. Upon intercalation, the cubic symmetry is reduced to monoclinic (Fig. 5d 

and e). Further, Nazar et al. demonstrated the significance of particle size of PB on its 

electrochemical performances (Fig. 5f). The optimized crystal size is 20 nm which enables the 

highest discharge capacity of 140 mAh g-1 with two discharge voltage plateaus of 4.0 V and 3.2 

V. Besides tuning the size of PBAs, another effective method to enhance the performance of 

PBAs is surface decoration. Chen et al. reported polypyrrole (PPy)-modified Prussian blue 

(KHCF@PPy) as a cathode of PIB. PPy coating enables a low voltage polarization during 

charge-discharge [100]. KHCF@PPy displays a discharge capacity of 88.9 mAh g-1 with a high 

capacity retention of 75% after 500 cycles at 1000 mA g-1. A novel photographic printing 
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strategy to fabricate flexible PB electrodes was developed by Yan et al. [83]. Their group 

synthesized high crystalline PB nanocubes on Chinese Xuan paper by photo-induced method 

(Fig. 5g). Super P carbon black was further sprayed on the flexible PB electrode to enhance the 

conductivity. Further, this flexible PB cathode was assembled with a graphite anode and a 0.8 M 

KPF6/EC:DEC electrolyte to fabricate a flexible PIB which delivers a high energy density of 232 

Wh kg-1. 

PBAs remain promising for PIB technology. As a PIB cathode, the operation potential of 

PBA outperforms that of the layered TMOs. However, several issues preclude its 

commercialization. Interstitial water inside the framework of PBA occupies the interstitial void 

sites, which could reduce the K+ intercalation capacity. Interstitial water could also induce side 

reactions and the deterioration of cathode performance in long-term cycling. The lower tap 

density of PBAs (2.0 g cm-3) compared with layered TMOs (around 4.0 g cm-3) is another 

drawback of PB cathodes. The low conductivity of PBAs would require a large amount of 

conductive agent in the electrode, which decreases the volumetric capacities of PBAs. Given the 

large interstitial size and the low lattice strain during (de-)potassiation, PBAs remain promising 

for more in-depth and practical investigations. 

3.1.3 Polyanion Compounds 
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Fig. 6 (a) Illustration of the crystal structure of KMSO4F: view down the a-axis of the unit cell. 

(b) Alkali ion intercalation behavior in KFeSO4F framework. Reproduced with permission [101]. 

Copyright 2012 American Chemical Society. (c) Experimental, calculated, and difference XRD 

patterns. Inset: representation of the KTiPO4F crystal structure. TiO4F2 octahedra are violet, PO4 

tetrahedra are orange, oxygen atoms are brown, fluorine atoms are gray. (d) The CVs at 0.1 mV 

s-1 in the voltage range 2.0-4.2 V vs. K/K+. (e) First and second charge-discharge cycles at a 

C/20 rate. Inset: dQ/dE differential plot for the second charge-discharge cycle at C/20. (f-h) In 

situ and ex situ diffraction studies of KTiPO4F in a round trip charge-discharge cycle. 

Reproduced with permission [102]. Copyright 2020 Nature Springer. 

Polyanion compounds are another class of cathode materials. Polyanionic compounds 

possess the general formula of AMx[(XO4)]y (M= Fe, V, Ti, Mn, etc.; X= P, S, etc.). As PIB 

anodes, polyanion compounds possess some unique advantages such as earth abundance, high 

thermal stability, and a diversity of structures [103]. Up to now, Fe, Ti, and V based polyanions 

have been applied as cathodes of PIBs. Triphylite LiFePO4 represents one of the most successful 

cathode materials of LIBs [104,105]. While KFePO4 seems worthy of investigation as a PIB 

cathode, it has been challenging to prepare pure phase KFePO4 due to the larger size of K+ than 

Li+. Kim et al. suggested that K+ ion can not intercalate into olivine FeO4 due to its large size. To 
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circumvent this issue, Kim et al. prepared an amorphous FePO4 with short-range order and free 

space to alleviate the structural strain [106]. They found that amorphous FePO4 displays a 

capacity of 156 mAh g-1 in the voltage range of 1.5 to 3.5 V vs. K/K+. Tarascon et al. proposed 

another iron-based polyanion, KFeSO4F, as a PIB cathode [101]. KFeSO4F possess a space 

group of Pna21. The alternating MO4F2 octahedra and SO4 group build a rigid framework with 

open tunnels to host the K+ ions (Fig. 6a). The reversible intercalation of 0.8 K+ per formula 

enabled a capacity of around 100 mAh g-1. Interestingly, FeSO4F exhibits higher operation 

voltage for storing K+ than storing Li+ or Na+ ions (Fig. 6b). 

Vanadium based polyanions have also been widely investigated as cathodes for PIBs [107–

112]. Xu et al. investigated the K3V2(PO4)3 as a cathode for PIB [112]. K3V2(PO4)3 displays a 

high discharge voltage between 3.6 to 3.9 V with a limited capacity of 54 mAh g-1 at a current 

density of 20 mA g-1. Its nanocarbon composites exhibit higher DK
+ than its bulk material. 

KVPO4F [108], and KVOPO4 (space groups: Pna21) have been studied as cathodes of PIBs. 

KxVPO4F (x~0) shows a discharge plateau of 4.3 V as PIB cathode, while the voltage plateaus 

for LIBs, and SIBs are 3.96 and 3.98 V [113]. The lowest voltage for LIB is attributed to the 

undercoordination of Li ions due to the large cavity in KxVPO4F (x~0). The oxygenation of 

KVPO4F (KVPO4.36F0.64) results in a more disordered structure around the K and V sites, thus 

enabling a smooth voltage curve without apparent plateaus [114]. Komaba et al. investigated the 

electrochemical behaviors of KVPO4F and α-KVOPO4 as cathodes in PIBs [111]. KVPO4F and 

α-KVOPO4 with a space group of Pna21 have identical KTiOPO4-type structures with different 

valences of vanadium ions. KVPO4F and α-KVOPO4 exhibit high voltage plateaus between 4.5 

and 3.5 V, a reversible capacity of 80 mAh g-1 and high rate capability. After charged to 5.0 V, 

KVPO4F and α-KVOPO4 exhibited small volume variations of 5.8% and 3.3%, respectively. 
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Their irreversible capacity observed in 0.7 M KPF6/EC: DEC electrolyte was much suppressed 

by utilizing 1 M KPF6/EC:PC electrolyte. Nikitina et al. demonstrated that the addition of 

fluoroethylene carbonate (FEC) in EC:DEC based electrolytes could effectively enable steady 

cycling of KVPO4F cathode under a charge cut-off voltage of 5.0 V [110]. Layered potassium 

vanadyl phosphate (L-KVOPO4) [109], and VOPO4⋅2H2O [115] have also been applied as 

cathodes of PIB. L-KVOPO4 cathode shows a high capacity of 115 mAh g-1 (0.86 K+ per 

formula) at 0.2C with an average discharge voltage plateau of 3.65 V. Ex situ XRD revealed a 

reversible structural evolution between aI- and aII-KVOPO4 during K+ ion (de-)intercalation with 

a small volume variation of 9.4% [109]. 

Another choice of polyanion cathode is titanium-based polyanions. Titanium-based 

compounds exhibit low redox potential and can hardly be used as the cathodes of PIBs. It 

remains challenging to design high-potential cathode materials based on the Ti4+/Ti3+ redox 

couple. Xu et al. investigated the nano cubic KTi2(PO4)3 as a cathode of PIB. KTi2(PO4)3 

exhibits a space group of R3c. KTi2(PO4)3 shows a capacity of 75 mAh g-1 with a limited 

discharge plateau of 1.7 V, which limits its application as a PIB cathode [116]. Recently, 

Fedotov et al. designed a KTiPO4F that possesses an orthorhombic lattice (space group, Pna21). 

KTiPO4F has a KTiOPO4-type structure composed of helical chains with corner-shared TiO4F2 

octahedra linked by PO4 tetrahedra forming a robust framework with intersecting continuous 

spacious cavities for the intercalation of K+ ions (Fig. 6c) [102]. KTiPO4F shows three pair of 

distinct reversible processes centered at 2.7, 3.1, and 3.6 V vs. K/K+ (Fig. 6d), and exhibits 

plateau-like charge-discharge curves with a reversible discharge capacity of 94 mAh g-1. The 

(de-)intercalation is fully reversible, as the in situ and ex situ X-ray diffraction (XRD) peaks are 

fully recovered (Fig. 6f-h). The high operating voltage of this Ti4+/Ti3+ redox-active KTiPO4F 
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cathode benefits from the synergy of the cumulative inductive effect of two anions and 

charge/vacancy ordering.  

Polyanion compounds have diverse crystal structures, tunable chemistries, and high thermal 

stabilities. The relatively high density of polyanion compared with PBAs renders it a promising 

cathode material for PIB. Developing polyanion compounds with high capacities (>120 mAh g-1) 

is a very attractive research target. The limited capacities of polyanions could be further 

enhanced by structure engineering and developing new polyanion materials. 

3.1.4 Metal Sulfides 

 

Fig. 7 (a) XRD pattern of TiS2. (b) Crystallographic structure of TiS2 along the [100] direction. 

(c) Charge-discharge curves of TiS2 for preparing ex-situ XRD patterns. (d) Corresponding ex-

situ XRD patterns (x is determined from the charge-discharge capacity). HRTEM images of the 

layer distance along (001) plane, (e) TiS2, (f) 2
nd stage structure K0.11TiS2, (g) 1st stage structure 

K0.56TiS2. Reproduced with permission [117]. Copyright 2018, Elsevier. In situ XRD patterns 

collected during the first two cycles of the TiS2/K half cell at a current of 0.1 C, (h) Image plot of 

diffraction patterns for (001) reflections during the first and second discharge/charge cycles, 

Right: first two discharge/charge curves. (i) Dependence of lattice parameter distributions of the 
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(001) peaks on potassium concentration during the first discharge/charge cycle. Reproduced with 

permission [118]. Copyright 2017 American Chemical Society. 

Titanium sulfide (TiS2) is the earliest reported cathode for LIB discovered by Whittingham 

[119]. TiS2 is widely investigated as a cathode for LIBs and SIBs [120,121] due to its large 

interlayer spacing (5.7 Å) (Fig. 7a and b) and relatively high voltage plateaus. Yu et al. 

investigated the (de-)intercalation of K+ ions in TiS2 [117]. Using an ether-based KPF6/DME 

electrolyte, in the voltage range of 1.5 to 3.0 V, TiS2 displays a reversible capacity of 180 mAh 

g-1, high cycling stability of 600 cycles with a high capacity retention of 78.7%. K intercalation 

results in the expansion of interlayer spacing from 5.7 Å to 7.4 Å, and finally to 8.51 Å observed 

from the ex-situ XRD (Fig. 7c and d). Revealed in ex situ transmission electron microscopy 

(TEM), the K+ intercalation into the TiS2 (KxTiS2) undergoes a second-stage structure (0 < x < 

0.19) and a first-stage structure (0.27 < x < 0.60) in the voltage window of 1.5- 3.0 V, between 

them is a two-phase combination. It is demonstrated that K+ ion intercalation in TiS2 obeys a 

Daumus-Hérold model, in which the intercalation of K+ ion forms dislocations in domain size 

and the K+ ions are located in the distorted region (Fig. 7e-g). A further investigation of the (de-

)intercalation of K+ in TiS2 demonstrated the more complex intercalation behavior of K+ in TiS2 

due to the larger size of K+ than Na+ and Li+ [118]. Loh et al. studied the K+ intercalation in TiS2 

using in situ XRD (Fig. 7h and i) [118]. Upon K+ intercalation (discharge), the reversible shift of 

(001) peak reveals reversible phase changes (Fig. 7h). With a low K+ concentration (x < 0.10), 

TiS2 (phase 1) transforms into an intermediate 2K phase located at a lower angle of 12.9°. For 

0.10 < x < 0.25, phase 1 further fades gradually and a mixed phase of 1, 2K, and 3K appears. 

When x = 0.25, phases 2K and 3K coexist. For 0.25 < x < 0.75, the lattice parameter decreases 

with increasing K concentration in TiS2 layers (phase change from 3K to 4K). For 0.75 < x < 0.88, 

TiS2 experiences a phase change from 4K to 5K. In the recharge process, the phase changes are 
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reversible; however, pure phase 1 can not be obtained. This is ascribed to the larger K+ ion size 

and the distortion of TiS2. The final biphasic presence of 2K and 3K suggests that they are stable 

after the intercalation of K+ ions. The variation of d spacing during charge and discharge is 

further plotted in Fig. 7i. The d spacing increases from 0.567 to 0.687 and finally to 0.773 nm. 

With further K+ intercalation, the d spacing decreases a little bit. Pyo et al. studied layered 

potassium chromium sulfide (KCrS2) as the cathode of PIB [122]. KCrS2 possesses a space 

group of R-3m. KCrS2 only exhibits a reversible capacity of 60 mAh g-1 with a relatively low 

discharge voltage of 2.1 to 2.7 V. TiS2 remains a promising cathode for PIB due to its large 

interlayer spacing, low volume expansion, and long cycling life. The low operating voltage of 

TiS2 may impede its further application.  

3.1.5 Organic Cathodes 

 

Fig. 8 (a) Schematic illustrating the reaction mechanism of PTCDA cathode in PIBs during the 

discharge-charge process. (b) Charge discharge curves of PTCDA cathode at 10 mA g-1 from 2nd 
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and 5th cycles. (c) Initial five cycles of CV curves of PTCDA cathode. Reproduced with 

permission [123]. Copyright 2015, Elsevier. (d) Charge-discharge curves (left) of oxocarbon 

(K2C6O6) with marked points for in situ Raman tests and corresponding Raman spectra (right). 

Reproduced with permission [124]. Copyright 2016, Wiley-VCH. (e) The bipolar redox activity 

of the copper porphyrin complex in PIBs, and schematic illustrations of a K//CuDEPP half-cell 

and graphene//CuDEPP full cell during the discharge process. (f) Cycling process and (g) 

charge-discharge curves of CuDEPP half-cell at a current density of 300 mA g-1. Reproduced 

with permission [125]. Copyright 2020, Wiley-VCH. 

In recent years, organic cathodes have received tremendous attention for rechargeable 

batteries [126,127]. Perylene 3,4,9,10-tetracarboxylic dianhydride (PTCDA) organic dye 

molecule has been investigated as cathodes of PIB [123], SIB [128], and LIB [129]. PTCDA 

shows a reversible capacity of 140 mAh g-1 as a SIB cathode. When used as a cathode for PIB, 

PTCDA shows uptake of two K+ ions in the voltage range from 3.5 to 1.5 V (Fig. 8a), 

corresponding to a capacity of 130 mAh g-1 (Fig. 8b and c) [123]. PTCDA can be used as an 

anode in the voltage range from 1.5 to 0.01 V. As a cathode, carbonyl groups of the anhydride in 

the PTCDA structure reversibly bond K+ ions in the discharge process, and reversibly release K+ 

ions in the charge process. Due to the dissolution of PTCDA in aprotic solvents and the 

structural deformation in repeated (de-)intercalation, PTCDA shows inferior cycling stability. To 

resolve the dissolution issue of PTCDA and enhance its cycling stability, Lu et al. annealed 

PTCDA at 450 oC, which results in certain intramolecular crosslinking of PTCDA molecules. 

Annealing results in an increase of the conductivity from 10−10 to 5.3 × 10−6 S m−1. In a 3 M 

KFSI/DME electrolyte, annealed PTCDA achieves an ultra-long cycling life of 3000 cycles 

[130]. Carbonyl groups sitting on the edge of oxocarbon molecules act as the active sites for K+ 

ion intercalation. Chen et al. synthesized oxocarbon salts (K2C6O6) through proton exchange 

reactions [124]. The results show that K2C6O6 can deliver a capacity of ≈212 mAh g-1 and 164 

mAh g-1 at 0.2 C and 10 C, respectively [124]. In situ Raman spectra (Fig. 8d) demonstrate the 

active sites of K2C6O6 are the carbonyl groups. Organics with carbonyl groups, such as 
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poly(anthraquinonyl sulfide) [131], polydiaminoanthraquinone [132], polyimide [133], have 

been developed as efficient cathodes for PIBs. The drawbacks of the carbonyl based organic 

compounds are the inferior cycling stabilities and relatively low discharge voltage plateaus 

ranging from 2.5 to 1.5 V. Another class of organic cathode is trialkylamine based compounds 

and polymers [134,135]. Lu et al. reported polytriphenylamine (PTPAn) as a cathode of PIB 

[136]. PTPAn cathode delivers a capacity of 260 mAh g-1 that is attributed to the adsorption of 

PF6
- ions on the positively charged nitrogen atom. Similarly, Goodenough et al. reported the 

application of polyaniline (PANi) as a cathode of PIB [137]. PANi stores PF6
- ions on the 

positively charged NH groups on the chain of PANi. PANi displays a reversible capacity of 138 

mAh g-1 in the voltage range from 4.0 to 2.5 V.  

Recently, Liu et al. reported the porphyrin complex, [5,15-bis-(ethynyl)-10,20-

diphenylporphinato]copper(II) (CuDEPP) as a cathode of PIB [125]. Both K+ and PF6
- ions 

interact with CuDEPP, which enables a 4-electron reaction of CuDEPP cathode (Fig. 8e). 

CuDEPP exhibits a linear charge-discharge behavior in the voltage range from 4.5 to 1.7 V with 

a high reversible capacity of 128 mAh g-1 at 300 mA g-1 (Fig. 8f and g). Coupled with graphene 

anode, CuDEPP cathode was further assembled into a hybrid device which shows a capacity of 

50 mAh g-1 in the voltage range from 3.8 V to 0.01 V, and a 700 cycles’ life span.  

Many organic cathodes demonstrate high capacities and cycling stabilities. However, most 

organic cathodes deliver low operation voltages around 2.5 V, which limits the energy density of 

a full PIB cell. Most organic cathodes also encounter the problem of dissolution in organic 

electrolytes. Another limitation of the organic cathode is its low tap density compared with PBA 

and TMO cathodes. Nevertheless, organic anodes are promising cathodes for PIB due to its 

chemical diversity, abundance, large voids in their structures, and tunable chemical structures. 
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The chemical diversity of organic cathodes may enable us to develop cathodes with high 

capacities and high operation voltages. 

3.2 Anodes of PIB 

The anodes of PIBs share the same working principles (intercalation, alloying, and 

conversion) with the anodes of LIBs, and SIBs. Nevertheless, owing to the different ionic sizes 

of K+, Na+, and Li+ ions, they show different interaction behaviors with the same host material 

[138]. The anodes in PIBs show inferior capacity, higher voltage hysteresis, and inferior cycling 

stability compared with the analogues in LIBs and SIBs. Advanced structure design and 

mechanism study could endow us to design efficient PIB anodes. Based on the K+ ion storage 

mechanisms, anode materials are classified into graphitic carbons, amorphous carbons, inorganic 

intercalation anodes, alloying anodes, conversion anodes, organic anodes, and potassium metal 

anodes. 

3.2.1 Graphitic Carbons 
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Fig. 9 (a) Galvanostatic intermittent titration technique (GITT) curves of graphite at a C/10 rate. 

(b) dQ/dV profiles corresponding to the charge-discharge curve. (c) The first charge-discharge 

curve of graphite at C/10. (d) Ex-situ XRD patterns of (de-)potassiation of graphite 

corresponding to the voltage points in panel c. (e) Schematic diagram of different K-GICs. 

Reproduced with permission [29]. Copyright 2015, American Chemical Society. (f) Structure 

evolution upon (de-)potassiation: charge-discharge curve, in situ XRD patterns, variation in the 

phase fractions of stages 1, 2, and 3, and high-order stages. (g) Experimental and DFT calculated 

the theoretical potassiation curve. (h) The Schematic diagram illustrating the evolution of K-

GICs. Reproduced with permission [139]. Copyright 2019, Wiley-VCH. 

Graphite represents the most successful commercial anode of LIB due to its low cost, stable 

performance, low (de-)lithiation potentials, high theoretical capacity (372 mAh g-1 for stage I 

LiC6), and low volume variation (10% for LiC6) during (de-)lithiation [140]. Today, graphite 

occupies the highest market share of LIB anode. This success of graphite in LIB makes it 

imperative to evaluate graphite anodes for SIBs and PIBs. Graphite has been explored as a SIB 

anode. However, in carbonate-based electrolytes, sodium can only intercalate in graphite, 

forming a GIC with dilute sodium concentration [9]. Although by using an ether-based 

electrolyte (such as DME), Na+ ions coupled with ether solvent can co-intercalate in graphite, 

forming a ternary GIC [141], the application of co-intercalation chemistry of graphite as SIB 

anode is largely inhibited due to its high operating potential. The failure of graphite as a SIB 

anode in carbonate electrolyte has triggered the exploration of graphite as PIB anode. In 2014, 

Wang et al. studied the potassiation of amorphous carbon using in situ TEM technique [45]. In 

2015, Ji et al. [29] and Komaba et al. [14] discovered K+ ion intercalation in graphite in 

carbonate-based electrolytes. They both discovered the formation of stage I KC8 GIC 

(corresponding to a theoretical capacity of 278 mAh g-1). Graphite shows a discharge curve with 

relatively high potassiation potentials (0.3 to 0.01 V) compared with the potential for lithiation of 

graphite (Fig. 9a), which could help avoid the formation of potassium dendrite in the 

potassiation process. The (de-)potassiation shows clear redox peaks corresponding to different 
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staging behaviors (Fig. 9b). Ex situ XRD was further carried out to determine the staging 

behavior of K GIC in the discharge process. Ex situ XRD reveals the distinct formation of stage 

III KC36, stage II KC24, and stage I KC8, respectively (Fig. 9c, d, and e) [29]. Need to be noted 

that the cycling stability of graphite is inferior due to the large volume variation of 61% (six 

times that of LiC6) during (de-)potassiation. Nevertheless, the pioneering work of Ji et al. and 

Komaba et al. have triggered the tremendous efforts in exploring other efficient graphitic carbon 

anodes for PIBs. Shen et al. studied the potassiation mechanism of graphite foam using the in 

situ XRD technique (Fig. 9f) [139]. K+ ion intercalation in graphite forms a series stage n GICs 

with a stoichiometry of the KxC8 (0 ≤ x ≤ 1). n is the number between two adjacent K+ 

intercalation layers. Repeated distance Ic is determined from the diffraction angle of θl 

corresponding to the (00l) planes based on Bragg’s law (lλ=2Icsinθl). The distance of adjacent 

graphite layers (co) is not affected by K+ ion intercalation. The periodic distance can be 

expressed as Ic=(n-1)co+ds. ds is the distance of two graphene layers between which K+ ion is 

intercalated. The staging behavior starts from point c (~0.3 V). During discharge, diffraction 

peak pairs of 22.0° and 29.6°, 20.2° and 30.6°, 16.4° and 33.4° are identified in region c-e, d-f, 

and e-f, respectively. The Ic values are determined as 12.10, 8.78, and 5.4 Å. The stage indexes n 

are thus identified as III, II, and I based on the above equations. The regions of b-c are ascribed 

to the dilute stages > III. In situ XRD reveals the absence of pure phases and the final existence 

of dilute K+ ion in graphite after depotassiation (Fig. 9f). DFT was further used to verify the 

potassiation behavior of graphite (Fig. 9g), in which a slope region (>0.25 V) is due to the 

formation of stage V KC60. When potentials go below 0.25 V, gradual staging behavior of 

graphite occurs (Fig. 9h). The above potential-dependent potassiation behavior is in accordance 

with the in situ Raman study [142] and other in situ XRD studies [143]. Based on the potential-
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dependent of K+ intercalation in graphite, we could empirically determine the capacity of K+ 

intercalation or K+ adsorption [53]. 

Graphite can also be used as an anode with co-intercalation chemistry in ether-based 

electrolytes in both SIB and PIB [144–147]. However, due to the high operating voltage of K+ 

co-intercalation chemistry, it can hardly be utilized in future PIBs. Further, graphite as a PIB 

anode experiences high volume variation (61%) during (de-)potassiation, which leads to inferior 

cycling stabilities and rate capabilities [148,149]. Since Na+ can not intercalate in graphite with a 

low (002) interlayer distance of 3.35 Å, reduced graphene oxide with larger expanded interlayer 

spacing than graphite has been designed to tune the intercalation chemistry of Na+ ion in 

graphitic carbon [150,151]. Expanded graphite with large graphene interlayer spacing could also 

effectively enhance the rate capability and cycling stability of (de-)potassiation. 

Another important strategy to enhance the performance of graphite anode is decreasing the 

thickness of stacking graphene layers of graphene nanodomain (GND).[152] Song et al. designed 

a graphitic carbon nanocage (CNC) by annealing EC300J Ketjen carbon black at 2800 oC in Ar 

atmosphere [153]. CNC displays hollow graphitic carbon nanocages that are interconnected. The 

shell thickness of CNC is only 5 nm. The hollow structure and thin shell enable free volume 

expansion and shrinkage during (de-)potassiation. CNC exhibits a stable capacity of 212 mAh g-1 

during 100 cycles at 0.2 C (C=278 mAh g-1), where mesophase graphite decays gradually. Metal-

organic frameworks (MOFs) have been utilized to synthesize functional graphitic carbon 

materials. Xu et al. prepared carbon nanotubes (CNTs) by catalyzed pyrolysis of ZIF-67 [154]. 

The thin graphene layers in CNTs enable short K+ diffusion pathways, the defect-rich structure 

in CNTs could enable multiple potassiation active sites. CNT shows a high capacity of 293 mAh 

g-1, high rate capability (102 mAh g-1 at 2 A g-1), and long cycling life of 500 cycles. Lin et al. 
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prepared a CNT modified graphite (CNT-MG) by a chemical vapor deposition method [155]. 

CNT-MG exhibits a capacity of around 300 mAh g-1, and ultra-long cycle life of 1500 cycles at 2 

A g-1. The outer CNT layers grown on graphite could effectively buffer the repeated volume 

variation of graphite during (de-)potassiation. The electrochemical performances of graphitic 

carbon anodes of PIB could also be tuned by the engineering of defect concentration in GNDs 

[30][156]. Alshareef et al. synthesized graphitic nanocarbon (GNC) from 

ethylenediaminetetraacetic acid nickel coordination compound as PIB anodes [30]. With the 

increase of annealing temperature, GNCs show decreased adsorption capacity, increased 

intercalation capacity but decreased rate capability. GNC600 (annealed at 600 oC) with abundant 

defects of GNDs due to the existence of high C-C sp3 ratios and high nitrogen doping level 

shows high capacity, high cycling stability, and good rate capability. Ex situ measurements 

demonstrate the existence of defect-trapped K+ ions after initial depotassiation, which is similar 

to the in situ studies [143]. The trapped K+ ions in graphitic lattice and the unstable SEI 

formation may be ascribed to the low initial Coulombic efficiencies of most graphitic carbon 

materials [157].  

Although graphite has been developed as successfully commercialized anodes for LIBs. The 

inferior cycling stability and considerable volume variation upon (de-)potassiation hamper its 

practical application in PIBs. New strategies should be developed to enhance the stability of 

graphite anode. Although hollow graphitic carbons with thin carbon shell exhibit stable cycling 

performance, the low tap density of these graphitic carbon materials would limit their further 

commercialization. Besides, the low capacity of graphite also needs to be improved by 

introducing extra active sites. In this regard, various amorphous carbons, i.e., hard carbons, soft 

carbons, and other low-temperature annealed carbons, have been developed as PIB anodes. 
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3.2.2 Amorphous Carbons 

 

Fig. 10 (a) XRD patterns of SC, HCS, and HCS-SC. (b) Rate capability tests and (c) cycling 

performance of HCS, SC, and HCS-SC. Reproduced with permission [158]. Copyright 2017, 

Wiley-VCH. (d) Rate performances of ENDCs and NDC900. (e) Long-term cycling stabilities of 

ENDCs and NDC900 at a GCD current of 200 mA g-1. The insets show the structural schematic 

of ENDCs and NDC900. (f) b values of ENDCs and NDC900 for the cathodic and anodic peaks. 

Capacitive contributions of (g) ENDC500, (h) ENDC700, and (i) NDC900. Reproduced with 

permission [52]. Copyright 2020, Wiley-VCH. 

Other than graphitic carbons, carbon materials with disordered GNDs have been 

investigated as PIB anodes.[159] As these carbons do not show perfect graphitic crystalline 

structures, they are often referred to as amorphous carbons, which include low-temperature 

annealed carbons, soft carbons, and hard carbons. Owing to the relatively low synthesis 

temperatures, diverse organic precursors, and synthesis techniques of amorphous carbons, the 
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structures of amorphous carbons can be manipulated through carbonization conditions, advanced 

structure design, and heteroatom (N, P, O, S, F, etc.) doping strategies. 

Amorphous Carbons. Hard carbon (HC) and soft carbon (SC) have been intensively 

investigated as SIB anodes [160–162], but they are less investigated as PIB anodes. Ji et al. 

prepared a hard carbon sphere (HCS) from annealing hydrothermally treated sucrose at 1100 oC 

[27]. At C/10 (28 mA g-1, C=280 mAh g-1), HCS shows a reversible depotassiation capacity of 

262 mAh g-1, approaching the theoretical capacity of graphite. HCS shows a reversible 

desodiation capacity of 322 mAh g-1. Nevertheless, HCS displays a higher rate capability as a 

PIB anode than as a SIB anode. HCs present relatively stable cycling performances. Ji et al. 

further studied the K+ ion storage performances of this HCS compared with one soft carbon (SC) 

prepared from annealing PTCDA under the same heat treatment regime with HCS, and their hard 

carbon-soft carbon composite (HCS-SC) [158]. HC, SC, and HCS-SC show hump XRD peaks 

indicating their short-range ordered GNDs (Fig. 10a). SC shows a higher diffraction angle and 

peak intensity indicating the larger GND size and smaller interlayer distance (Fig. 10a). HCS 

shows lower rate capability, and SC shows higher rate capability, while HCS-SC displays a 

moderate rate capability between SC and HCS (Fig. 10b). SC exhibits inferior cycling stability, 

while HSC shows better cycling stability. The HCS-SC composite takes the advantages of HC 

showing high capacity. HCS-SC shows much better cycling performance than HC and SC (Fig. 

10c). It is found that the (100) peak of potassiated SC disappears, while the (100) peak of HC 

remains, which suggests the local structure transformation of SC after potassiation. The local 

structure transformation of SC could be ascribed to the weak connection between GNDs in SC 

which is the major structural feature of SCs [162]. Some HC and SC anodes are reported as PIB 

anodes which show reversible capacities below 250 mAh g-1, while the cycling life is limited to 
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150 cycles [163–165]. A polynanocrystalline carbon is reported to be cycled to 300 cycles, but 

the capacity retention is as low as ~30% [166]. However, SC shells with hierarchical structures 

show high capacity retention of 80% (172 mAh g-1) after 500 cycles at 500 mA g-1, which may 

be ascribed to its hierarchical thin-shell structure [167]. Given the above discussion, it reveals 

that SCs show similar potassiation mechanism, fast capacity decay, and large volume variation 

compared to graphite anodes. In this regard, advanced structure design could effectively enhance 

the rate capability and cycling stability of SC anodes.  

To further enhance the capacities of amorphous carbons, more loosely organized 

carbonaceous materials are developed as PIB anodes. These carbons usually employ a low-

temperature pyrolysis strategy with annealing temperatures of < 1000 oC which is lower than the 

pyrolysis temperatures of HC and SC (typically from 1100 to 1600 oC). Candle soot onion-like 

carbon (OLC) was deposited on a copper substrate as a binder-free electrode [168]. OLC shows a 

limited capacity of 200 mAh g-1 with a low initial Coulombic efficiency (ICE) of only 20%. As a 

large-scale and sustainable route, Qiu et al. prepared coal-based carbon at 900 oC [169]. Coal-

derived carbon anode shows a capacity of 260 mAh g-1 at 50 mA g-1 with a low ICE of 43.2%, 

and long cycling life of 1200 cycles at 1 A g-1 with a capacity retention of 68%. Other 

amorphous carbons are similar despite that they utilize different precursors. Bacterial cellulose-

derived carbon fibers show a capacity of 240 mAh g-1, an IEC of 20%, and a long cycling life of 

500 cycles at 500 mA g-1 [170]. Carbon nanosheets (CNS) prepared through a Na2CO3 assisted 

CVD process exhibits an initial charge capacity of 369 mAh g-1 with a low ICE of 19%, and long 

cycling life of 1300 cycles at 2 A g-1 [171]. Guo et al. synthesized amorphous ordered 

mesoporous carbon (OMC) that possesses short-range ordered crystallinity [172]. OMC shows 

similar performances with CNS. The above discussion indicates amorphization of carbonaceous 
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materials could effectively enhance the cycling stability and rate capability, but their ICE and 

reversible capacity are still low. 

Nitrogen Doping. Heteroatom doping has been demonstrated as an effective strategy to 

enhance the capacity of amorphous carbon anodes for PIB. Among various heteroatoms 

(nitrogen, sulfur, phosphorus, oxygen, fluorine, etc.) doping, nitrogen doping of carbonaceous 

materials is an easy and effective way to enhance the capacity of carbonaceous materials. 

Polypyrrole (PPy) is a common precursor for synthesizing low-temperature annealed carbons for 

SIBs [173], and LIBs [174]. Lei et al. prepared nitrogen-doped carbon nanofibers (NCNF) from 

annealing PPy at 650, 950, and 1100 oC, which are denoted as NCNF650, NCNF950, and 

NCNF1100 [175]. NCNFs shows increased crystallinity and decreased nitrogen doping ratios. 

NCNF650 shows the best performances among NCNFs. NCNF650 exhibits an initial charge 

capacity of 368 mAh g-1 with an ICE of 49%, high capacity retention of 205 mAh g-1 at 500 mA 

g-1 after 1000 cycles. The high capacity and high rate capability of NCNF650 is ascribed to its 

amorphous structure and high nitrogen doping (13.8 at.% in which 33.3% is pyridinic and 22.7% 

is pyrrolic). It is generally demonstrated that nitrogen dopants sitting on the edge of GND 

(pyridinic, and pyrrolic nitrogens) are more effective than pristine GND and graphitic nitrogen 

through experimental [176,177] and computational methods [52,53]. Alshareef et al. proposed an 

edge nitrogen doping strategy by direct pyrolysis of polyaniline-co-polypyrrole (PACP) 

copolymer [52]. The monomers of PACP show different thermal stability. Pyrrole decomposes 

before the decomposition of aniline. The later decomposition of aniline would lead to a result 

that most of the nitrogen dopants sit on the edge of GND in the low annealing temperature range 

from 500 to 700 oC. At high annealing temperatures, most nitrogen dopants release, and the 

GNDs grow large, which results in low K+ adsorption capacity. As a result of this site-selective 
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pyrolysis strategy, the obtained edge nitrogen-doped carbon (ENDC) shows a high nitrogen 

doping level and a high edge-nitrogen doping ratio. ENDC500 shows a high nitrogen doping 

ratio of 10.5 at. %, among which 87.6% are edge-nitrogen dopants. ENDC500 shows a stabilized 

capacity of 423 mAh g-1 with a high ICE of 65% (Fig. 10d), ENDC500 also shows high cycling 

stability with a high capacity retention of 93.8% after 660 cycles (three months) at 0.2 A g-1 (Fig. 

10e). ENDC700 shows decreased capacity but excellent rate capability due to its decreased 

nitrogen doping. NDC900 shows a limited capacity and inferior cycling stability due to the 

developed curved GNDs. ENDC500 and ENDC700 show high b values indicating high surface-

dominated capacities, while NDC900 shows a b value close to 0.5 (Fig. 10f), indicating that the 

K+ ion stores in ENDC mainly by intercalation. The pseudocapactive K+ ion storage mechanism 

of ENDC is also revealed by the high capacitive contribution (surface adsorption dominated) 

(Fig. 10g-i).  

Nitrogen doping is the most effective strategy because edge nitrogen dopants could 

effectively enhance the adsorption energy towards K+ ion. During the past five years, many well-

developed methods have been employed to synthesize nitrogen-doped amorphous carbons for 

efficient PIB anode [178]. Need to be noted is that K+ ion stored by the adsorption mechanism 

locates at a relatively high potential with respect to K/K+ [179,180], which inevitably decreases 

the energy density of a PIB full cell.  

Phosphorus Doping. Besides the nitrogen doping strategy, there have been various other 

heteroatom-doping strategies. Phosphorus has been adopted as an effective dopant for the 

efficient storage of alkali metal ions. Lin et al. prepare P-doped hard carbon (PHC-700) by 

crosslinking phosphoric acid and epoxy resin, followed by annealing them at 700 °C [181]. 

H3PO4 acts as crosslinkers and dopant resources. P-O and P-C provide active sites for efficient 
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storage of K+ ions, and P-C bond shows higher activity. PHC also exhibits better 

structural/interfacial stability for improved long-term cycling stability (1000 cycles at 0.2 A g-1). 

Phosphorus doping can be used to modulate the nitrogen doping configurations in nitrogen-

doped carbons. Guo et al. prepared a three-dimensional (3D) honeycomb-like carbon structure in 

conjunction with phosphorus doping [182]. The pore vacancy and edge sites provide the 

formation of pyridinic N, while P-doping results in more open edge sites and the formation of 

pyridinic N. The P/N dual doped carbon shows a high capacity of 420 mAh g-1 at 100 mA g-1, a 

long cycling life of 1000 cycles at 1 A g-1 with a high retained capacity of 270 mAh g-1. By DFT 

calculation, P-doping is further demonstrated to enhance the adsorption energy towards K+ ion 

and increase of conductivity. 

Sulfur Doping. Sulfur doping is another heteroatom doping strategy that dramatically 

enhances the K+ ion storage capacity of carbonaceous materials [183–188]. Mitlin et al. 

synthesized monodisperse RF resin spheres with silica core (SiO2@RF), mixed with sulfur 

powder (SiO2@RF@S), and then carbonized SiO2@RF@S at 450 oC before etching to obtain 

sulfur-grafted hollow carbon spheres (SHCS) [188]. SHCS with a high sulfur doping ratio of 40% 

shows an initial depotassiation capacity of 572 mAh g-1 with an ICE of 51.4%. SHCS also 

exhibits high capacity retention of 93% of its 5th cycle capacity after 1000 cycles at a current 

density of 3 A g-1. The high capacity of this SHCS is attributed to the high sulfur doping level in 

SHCS, which provides abundant redox centers, as demonstrated by ex situ Raman study. 

Fluorine doping is also feasibly applied to enhance the capacity of carbonaceous materials due to 

the high electronegativity of element F (χ = 3.98). Xing et al. synthesized F-doped graphene by 

annealing polyvinylidene fluoride (PVDF) as a single precursor at 600 oC [189]. F-doped 

graphene displays an initial depotassiation capacity of 355 mAh g-1 with an ICE of 41%. Chen et 
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al. synthesized oxygen/fluorine dual-doped porous carbon nanopolyhedra (OFPCN) by annealing 

UiO-66 (Zr) MOF precursor and HF etching [190]. OFPCN exhibits a high specific capacity of 

481 mAh g-1 at 50 mA g-1, and a high retained capacity of 218 mAh g-1 after 2000 cycles at 1 A 

g-1. The ultrahigh capacity of OFPCN is ascribed to the high K+ ion adsorption energy of F-

doped GND, which is revealed obtained by DFT calculations. In addition, DFT calculation 

demonstrates that boron-doping is also a feasible way to enhance the capacity of graphene anode 

for PIB [191]. B4C28 structure has a high theoretical capacity of 546 mAh g-1, a small migration 

barrier of 0.07 eV, and a moderate potassiation potential of 0.82 V. 

It is crucial to understand how the heteroatom doping functions in the storage of alkali 

metals ions. There still lacks the in situ and ex situ studies on the potassiation mechanism at the 

atomic level. Precise control of the doping configuration is another research trend in recent years. 

Sheet-like morphology is beneficial for exposing edge-dopants [53]. However, the tap density is 

greatly decreased due to the foam-like architecture, which inevitably reduces the volumetric 

capacity. Although some carbonaceous materials have high ICEs exceeding 50%, the overall 

ICEs of most reported carbons are still low, which could hamper future practical application. 

Another question remaining here is oxygen dopant can not be avoided even inert atmosphere is 

used in the annealing process. Despite some so-called oxygen-nitrogen dual-doped carbons 

[178,192–195], most of the nitrogen-doped carbons are nitrogen/oxygen co-doped. Whether 

oxygen doping [196] plays a crucial role in amorphous carbon anodes should be further explored 

by controlled experiments and computational methodologies. 

3.2.3 Inorganic Intercalation Anodes  
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Fig. 11 (a) XRD pattern of the K2Ti8O17. (b) Schematic diagram of the K2Ti8O17 structure along 

the [100] and [010] directions. (c) The initial charge-discharge curves of K2Ti8O17 at a current 

density of 20 mA g-1 in the voltage range of 0.01-3 V vs. K/K+, CV curves obtained at 0.2 mV s-1 

showing the 1st, 2nd and 3rd cycles, cycling performance at the current density of 20 mA g-1, and 

rate capabilities at different current densities. Reproduced with permission [197]. Copyright 

2016, Royal Society of Chemistry. (d) Projection view of the KTP structure, and coordination 

modes of Ti4+ cations in KTP. Blue and purple polyhedra represent the TiO6 and PO4 units. (e) 

Electrochemical intercalation of Li+/Na+/K+ ions in KTP@C at a current density of 5 mA g-1, 

Comparison of K+-(de-)intercalation of different anodes, cycling performances of KTP as SIB 

and PIB anodes. Reproduced with permission [198]. Copyright 2019, Wiley-VCH. 

Besides the intercalation graphite anode of PIB, another class of intercalation anode is based 

on inorganic compounds. Some titanium-based oxide polymorphs have been applied as the 

anodes of LIBs [199], SIBs [200,201], and PIB [197,202–205] due to their reasonable low (de-

)potassiation potentials, cost-effectiveness, and nontoxicity.  

Titanium Based Oxides. Xu et al. reported a K2Ti8O17 obtained by a facile hydrothermal 

method with a post-sintering process and investigated its potassium storage capability [197]. The 

theoretical capacity of K2Ti8O17 is 308 mAh g-1 assuming that all the Ti4+ are reduced to Ti3+. 
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K2Ti8O17 can be perfectly indexed to monoclinic structured (Fig. 11a). Fig. 11b depicts the 

polyhedral schematic of the crystal structure of K2Ti8O17 along the [100] and [010] directions. 

The stepped layered structure is formed by edge- and corner-shared TiO6 octahedral, giving 

interstitial spaces and large channels for K+ (de-)intercalation. K2Ti8O17 shows an initial 

depotassiation capacity of 181.5 mAh g-1. K2Ti8O17 shows explicit (de-)potassiation behavior. 

Most of its capacity locates in the range of 0.01 to 1.5 V (Fig. 11c). K2Ti8O17 exhibits a decent 

rate capability and a capacity of 110 mAh g-1 at 20 mA g-1 after 50 cycles (Fig. 11c). 

Munichandraiah et al. prepared a similar K2Ti4O9 for PIB anode [203]. K2Ti4O9 experiences a 

potassaition mechanism shown as follows: 

K2Ti4O9 + 2K+ + 2e- → K4Ti4O9    (3) 

K2Ti4O9 undergoes a two K+ (de-)intercalation chemistry, in which two Ti4+ are reduced to 

Ti3+, giving a theoretical capacity of 129 mAh g-1. Ex situ XRD demonstrates that there is no 

phase transformation during (de-)potassiation. K2Ti4O9 exhibits a capacity of 80 mAh g-1 after 10 

cycles at 30 mA g-1. Wu et al. synthesized K2Ti4O9 (M-KTO) from a simultaneous oxidation and 

alkalization process of Ti3C2 MXene [204]. M-KTO shows a self-woven framework with open 

microporous structures. As a PIB anode, M-KTO exhibits a two-electron charge-transfer process 

in which 2 Ti4+ are reduced to 2 Ti3+ in the potassiation process. M-KTO displays an initial 

charge capacity of 151 mAh g-1 at 50 mA g-1. After 100 cycles, 61% of its capacity is retained. 

Overall, titanium-based oxides show limited capacities and inferior cycling stabilities. Zhang et 

al. synthesized K2Ti6O13 micro scaffolds through a hydrothermal method. K2Ti6O13 gives a high 

capacity retention of 85% (59 mAh g-1) after 1000 cycles at 500 mA g-1 [202]. Due to the large 

bandgap and low conductivity of titanium-based oxides, they exhibit limited electrode kinetics, 

which hampers their application. Carbon coating is a general method that can be applied to 
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enhance the conductivity of titanium-oxide based electrode materials. Yang et al. prepared 

hierarchical tubular TiO2-carbon heterostructure (HeTiO2eC) through a wet-chemistry method 

[205]. HeTiO2eC exhibits a heterostructure: anatase TiO2 core is coated with an outer layer of 

amorphous TiO2 and carbon. Using in situ XRD technique, HeTiO2eC was demonstrated to have 

a (de-)potassiation behavior of two regions, which is shown below.  

K+ adsorption, pseudo-capacitive effect (＞1.2 V)    (4) 

K+ intercalation, TiO2 + xK++ xe-→ KxTiO2 (1.2-0.01 V)    (5) 

The adsorption capacity of HeTiO2eC is about 40 mAh g-1, and the intercalation capacity is 

around 200 mAh g-1. After 1200 cycles at 500 mA g-1, HeTiO2eC can still deliver a discharge 

capacity of 132.8 mA g-1 with a high capacity retention of 81.3%. 

Titanium Based Polyanions. NASICON (Na superionic conductor) phosphates with a 

general formula of AxMM’(PO4)3 are of interest as electrode materials for LIBs and SIBs 

because of their 3D framework, which results in fast ion transportation. However, NASICON-

type materials have low conductivity of 10-12 S cm-1 which is responsible for the sluggish 

electrode kinetics. Nano cubic KTi2(PO4)3 exhibits not only limited capacity but also high 

polarization and high discharge voltage of 1.7 V, which hampers its application in both anodes 

and cathodes of PIB [116]. Du et al. synthesized a NASICON-type KTi2(PO4)3@C (hereafter 

denoted as KTP@C) through an electrospray method [206]. KTP@C exhibits a pure 

rhombohedral phase. KTP@C displays clear two pairs of redox peaks which originate from the 

redox couples of Ti4+/Ti3+ and Ti3+/Ti2+, respectively. KTP@C works well as both SIB and PIB 

anodes. As a PIB anode, KTP@C delivers a high capacity of 191 mAh g-1, high capacity 

retention of 76% after 50 cycles. After 1000 cycles at 1 A g-1, KTP@C still delivers a capacity of 

69 mAh g-1. Du et al. synthesized another potassium-free NASICON-structured 
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Ca0.5Ti2(PO4)3@C (CTP@C) as a PIB anode [207]. CTP@C displays a two-electron transfer 

process, which is similar to KTP@C. CTP@C shows initial charge-discharge capacities of 632 

and 239 mAh g-1, which corresponds to an ICE of 36.7%. CTP@C shows a high rate capability 

(63 mAh g-1 at 5 A g-1), and a long cycling life of 1000 cycles with a high capacity retention of 

74.6%. In situ XRD reveals a two-phase transition reaction above 0.5 V and solid solution 

reaction during the subsequent K+ insertion/extraction. Sun et al. synthesized an inorganic-open-

framework anode (KTiOPO4) which achieves a capacity of 109 mAh g-1 [198]. KTiOPO4 (KTP) 

is composed of TiO6 octahedra and PO4 tetrahedra with 2D K+ channels along the a-/c-axis as 

well as large interstitial to accommodate K+ ions (Fig. 11d). The Ti4+ redox center is coordinated 

by PO4
3- and two bridging oxygen atoms (Fig. 11d). XRD and the Rietveld refinement shows the 

orthorhombic structure (space group: Pna21). KTP exhibits a higher Li+ storage capacity of ~ 200 

mAh g-1, a Na+ storage capacity of 80 mAh g-1, and a K+ storage capacity of 109 mAh g-1 which 

corresponds to the intercalation of 0.75 K+ ions per formula (Fig. 11e). KTP obtains high 

capacity retention of 71% after 200 cycles at 50 mA g-1. In situ XRD demonstrates the formation 

of a K+-rich K1+xTP phase and a reversible structure transformation. Ex situ XPS reveals that the 

charge storage mechanism of KTP is due to the charge transfer of the Ti4+/Ti3+ redox center. 

Metal Sulfides. MoS2 is widely investigated as an intercalation anode for LIBs [208], and 

SIBs [209]. In the structure of MoS2, Mo and S atoms are covalently bonded to form 2D S–Mo–

S trilayers, its adjacent planes are stacked through Van der Waals interactions. The interlayer 

spacing could enable the facile intercalation chemistry of alkali metal ions. Wu et al. 

demonstrated the K+ ion intercalation in MoS2 using ex situ XRD.[210] Upon initial K+ ion 

intercalation (> 0.8 V), a new phase of K0.4MoS2 phase appears. K0.4MoS2 maintains the 

hexagonal structure of MoS2, while a d-spacing of 8.28 Å (expansion of 34%) is maintained. No 
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staging behavior is observed, which is similar to the intercalation of Li+, Na+ in MoS2 [211]. 

Further intercalation of K+ (< 0.8 V) results in the reduction of MoS2 to Mo and KxS species 

through conversion reactions (i.e., MoS2 + 2xK+ + 2xe- → 2KxS + Mo). Later, Wei et al. 

prepared molybdenum disulfide (MoS2) “roses” grown on reduced graphene oxide (MoS2@rGO) 

as a PIB anode [212]. Wei et al. also discovered the intercalation-conversion mechanism for K+ 

ion storage. MoS2@rGO exhibits superior performances as a PIB anode, which is attributed to 

the hierarchical structure, expanded interlayer spacing, and chemical coupling between MoS2 

and rGO. MoS2@rGO displays a high reversible capacity of 679 mAh g-1 at 20 mA g-1, good rate 

capability (178 mAh g-1 at 500 mA g-1). Lei et al. studied the influence of the crystallinity of 

MoS2 on the electrochemical performances [213]. Lower crystallinity alleviates diffusional 

limitation in the voltage range of 0.5-3.0 V (intercalation region). Higher crystallinity ensures the 

structural stability of the MoS2 layers and promotes surface charge storage in 0.01-0.5 V 

(conversion region). Wang et al. reported a bamboo-like MoS2/N-doped-C hollow tubes with an 

expanded interlayer distance of 10 Å as a stable high-capacity PIB anode [214]. MoS2/N-doped-

C exhibits a high capacity of 451 mAh g-1 at 50 mAg-1, good rate capability, and high cycling 

stability of 1000 cycles with a capacity retention of 74%. Lei et al. studied a D-MoS2 with a 

larger interlayer spacing of 9.1 Å than pristine MoS2 (6.3 Å) [215]. In the intercalation range 

(>0.5 V vs. K/K+), D-MoS2 exhibits higher capacity and high rate capability than pristine MoS2. 

After 100 cycles, D-MoS2 still delivers a capacity of 94 mAh g-1. Sun et al. explored the K+ 

intercalation in 2H-WS2 (space group: P63/mmc) nanoplates [216]. 2H-WS2 has an interlayer 

spacing of 6.18 Å [217]. The electrochemical (de-)potassiation behavior of 2H-WS2 was 

investigated in 5 M (KTFSI)/diethylene glycol dimethyl ether (DEGDME) electrolyte. 2H-WS2 
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uptakes 0.62 moles K+ corresponding to a capacity of 67 mAh g-1 and operates at a safe average 

potential of 0.72 V (Equation 6). 

WS2 + 0.62K+ + 0.62e- → K0.62WS2    (6) 

In situ XRD reveals the ultrahigh reversibility of the intercalation chemistry of K+ ion in 

WS2 with a volume variation of 37.8%. 

MXenes. MXene represents a new family of 2D inorganic compounds developed in the past 

decade. MXenes are synthesized by selectively etching “A” off from the layered “MAX” phase, 

where “M” is an early transition metal (e.g., Ti, V, Cr, Mo, and Nb), “A” is an A-group element 

(e.g., Al, Si, and Ga) and “X” is C or N [218]. The most well known and studied MXene is 

Ti3C2Tx.[9] Ti3C2Tx has been applied in the storage of alkali metal ions, such as Li+ [219], 

Na+,[220,221] and K+ [222]. Wu et al. synthesized alkalized Ti3C2 (a-Ti3C2) MXene nanoribbons 

by KOH treatment of pristine Ti3C2 [222]. a-Ti3C2 has an enlarged interlayer spacing of 12.5 Å 

compared with the 9.9 Å of untreated Ti3C2. a-Ti3C2 shows a depotassiation capacity of 136 

mAh g-1 at 20 mA g-1. a-Ti3C2 retained a capacity of 42 mAh g-1 after 500 cycles. The 2D 

layered structure of MXene could also enable the facile deposition of alloying elements (such as 

Bi, Sn, and Sb) to assemble a free-standing, flexible anode for PIBs [223]. Another MXene, V2C 

has attracted attention to energy storage applications. K-V2C, obtained by sequential acid/alkali 

treatment, delivers a higher capacity of 195 mAh g-1 in contrast to 98 mAh g-1 of pristine V2C at 

50mA g-1 [224]. 

Other Intercalation Anodes. Orthorhombic niobium pentoxide (T-Nb2O5) possesses a 

unique layered structure, open framework, and superior chemical stability. T-Nb2O5 has attracted 

attention as host materials for storing Li+, Na+, and K+ [225]. T-Nb2O5 has a large (001) 

interlayer spacing of 3.9 Å, which could enable the intercalation of K+ with a size of 1.38 Å. 
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Tang et al. synthesized T-Nb2O5 nanowires through a hydrothermal approach for PIB anode [226]. 

T-Nb2O5 exhibits a reversible capacity of 104 mAh g-1 at 0.4 A g-1, high capacity retention of 73% 

after 400 cycles, and a good rate capability. Qu et al. reported a zero-strain K0.6Mn1F2.7 hollow 

nanocube (KMnF-LE) for stable K+ ion storage [227]. KMnF-LE exhibit reversible capacities of 

182 mAh g-1 and 78 mAh g-1 at 20 mA g-1 and 1000 mA g-1, respectively. During the discharge 

process, KMnF-LE experiences a lattice expansion (6.7% volume change) without phase change.  

Inorganic intercalation anodes remain promising anodes for PIB due to their low volume 

variation during (de-)potassiation, non-toxic nature, high abundance, and relatively good cycling 

stability. However, the capacities of most intercalation anodes are lower compared with graphitic 

carbons. The K+ ion storage capacity and rate capability are still inferior to the Li+ analogues, 

which could be improved by structural and defect engineerings. 

3.2.4 Alloying Anodes 
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Fig. 12 (a) Schematic for the electrospray-assisted synthesis of the Sb@CSN material. (b) 

Crystal structure of K and the structure evolution from Sb to K3Sb during the potassiation 

process. (c) Equilibrium voltages (vs. K/K+) calculated by DFT of different potassiation process. 

(d) Initial CV curves of the Sb@CSN electrode at a scan rate of 0.05 mV s-1. (e) Relative atomic 

percent of K and Sb obtained from EDS results with different discharge voltages. (f) EDS 

element analysis for K3Sb with a discharge cut-off voltage of 0.01 V. Reproduced with 

permission [228]. Copyright 2019, Royal Society of Chemistry. (g) SEM image and the XRD 

patterns (inset) of the as-received Bi powders. (h) Charge-discharge curves at 400 mA g-1 and 

rate performances (inset) of Bi electrode in 1 M KPF6/DME electrolyte. (i) Cycling stability of 

Bi electrode in 1 M KPF6/DME electrolyte at 400 mA g-1 and the SEM images at different cycles. 

(j) The theoretical and experimental charge-discharge curves of Bi electrode. (k) Volume change 

of K-Bi binary alloys. Reproduced with permission [229]. Copyright 2018, Wiley-VCH. 

It is well demonstrated that group IVA and VA elements store alkali metal ions through 

alloying reactions [138,230,231]. The potassiation of alloying anodes could be expressed in a 

general formula as follows: 

M + nK+ + ne-→ KnM    (7) 

Here, KnM is a binary alloy, n is the electron transfer number per mole M metal. Compared 

with the intercalation anodes, alloying anodes usually have a high electron transfer number, 

which enables a substantially higher capacity. In an alloying reaction, the existence of multi-

intermediate phases also induces multi-stage (de-)potassiation plateaus. The final phase 

transition determines the electron transfer number and volume changes. On the one hand, for 

alloying anodes, alloying reaction leads to pulverization and capacity decay. On the other hand, 

the same alloying anode behaves differently with different alkali metal ions. Silicon can form a 

KSi alloy with K. However, Si shows little electrochemical activity towards alloying K+ [138]. 

Sn [232], Sb [233], Bi [234], Pb [235], P [236], Zn [237] and their phosphides [238] show 

alloying activity toward potassiation. 

Tin. Glushenkov et al. investigated the (de-)potassiation behavior of Sn [239]. Sn shows a 

reversible capacity of 150 mAh g-1. K2Sn5, and K4Sn23 phases are found in the potassiated Sn 

sample. Xu et al. discovered that Sn nanoparticles have a capacity of 197 mAh g-1 [232]. In situ 
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TEM reveals the potassiation of Sn is a two-step process, in which the final potassiation product 

is KSn. The pulverization of the Sn nanoparticles results in the decay of capacity. Carbon coating 

could help maintain structural integrity during repeated (de-)potassiation [240,241]. Ju et al. 

reported 3D Carbon/Sn prepared from annealing 3D polymer-Sn complex with NaCl as a 

template [240]. 3D Carbon/Sn has a high reversible capacity of 276.4 mAh g-1 at 50 mA g-1 after 

500 cycles.  

Antimony. Sb can alloy with 3 mole K (volume expansion 300%), which corresponds to a 

theoretical capacity of 660 mAh g-1 [228]. Carbon coating could enable stable (de-)potassiation 

of Sb anodes.[242] Lu et al. confined Sb nanoparticles embedded in a graphene skeleton 

(Sb@G@C) [233]. Sb@G@C exhibits a reversible capacity of 474 mAh g-1 (most capacity 

locates below 1.5 V) with a long cycling life of 800 cycles and a capacity retention of 72.3%. 

Wang et al. synthesized Sb nanoparticles encapsulated in a carbon sphere network (Sb@CSN) 

through a combined electrospray-assisted carbonization strategy (Fig. 12a) [228]. The size of Sb 

nanoparticles in Sb@CSN is around 10 nm. Wang et al. carried out a DFT calculation of 

different K-Sb alloys (Fig. 12b). Prominent potential platforms are found in the calculated 

potential curve, in which a dramatic potential drop occurs from 0.9 to 0.4 V with a capacity 

larger than 216 mAh g-1, and K3Sb forms at a potential around 0.4 V (Fig. 12c). In the CV curve 

tested in 4 M KTFSI/EC:DEC electrolyte (Fig. 12d), Sb@CSN shows approximate peaks around 

0.4 V and 0.9 V, which is the potassiation process, and is in line with the DFT calculation. 

Energy dispersive spectroscopy (EDS) was used to detect the interphases during potassiation. 

Three samples with different potassiation potentials (2.0, 0.6, and 0.01 V) are collected for 

analysis. In the potassiation process, the K/Sb ratio increases substantially (Fig. 12e). At 0.01 V, 

the K/Sb ratio is 3.65 (Fig. 12f), which is higher than 3.0 of K3Sb due to the residual electrolyte 



54 

 

and SEI in Sb@CSN electrode. Sb@CSN delivers a capacity of 551 mAh g-1 at 100 mA g-1. 

Sb@CSN could maintain a capacity of 504 mAh g-1 at 200 mA g-1 after 220 cycles. Pulverization 

and volume variation of Sb anode is the major causes of capacity decay. Feng et al. reported 

nanoporous Sb (NP-Sb) prepared by a vacuum-distillation method to alleviate the volume 

variation during repeated (de-)potassiation [243]. NP-Sb is fabricated via evaporating low-

boiling-point metal zinc. NP-Sb exhibits a capacity of 510 mAh g-1 capacity in the second cycle 

and retains a capacity of 318 mAh g-1 after 50 cycles.  

Bismuth. Zhang et al. studied the (de-)potassiation behaviors of micron-sized Bi particles 

(Fig. 12g) [229]. Bi electrode uses carboxymethylcellulose sodium (CMC) as the binder, and 1 

M KPF6/DME as the electrolyte. Bi electrode shows an ICE of 83%. The first charge-discharge 

curve reveals that 3.8-mole K+ was alloyed, and 3.15-mole K+ ion was de-alloyed (Fig. 12h). Bi 

electrode shows an excellent rate capability with a capacity of 276 mAh g-1 at 1600 mA g-1. Bi 

electrode shows scarcely any capacity decay after 100 cycles at 1C (Fig. 12i). Ex situ XRD 

demonstrates a three-step potassiation process with a final discharge product of K3Bi. DFT 

calculated potassiation curve is in good match with the experimental potassiation curve (Fig. 

12j). A volume expansion of ~ 406% (Fig. 12k) is anticipated for Bi to K3Bi, which is near twice 

the volume change from Bi to Na3Bi. Given the high density of Bi metal (5.8 g cm-3) than 

graphite (2.0 g cm-3), it is a promising anode for PIB. In concern of the large volume variation, 

advanced carbon coating strategies could be applied to design advanced electrodes for long 

cycling Bi anodes [234,244]. 

Phosphorus and Metal Phosphides. Phosphorus has been widely employed as the anodes of 

SIBs [245], LIBs [246], and PIBs [247]. Xu et al. reported red phosphorus anchored in 3D 

nanosheet framework (P@CN) as a PIB anode [248]. P@CN exhibits a reversible capacity of 
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655 mAh g-1 at 100 mA g-1, and a high rate capability with a capacity of 323 mAh g-1 at 2000 

mA g-1. Red phosphorus may experience a one-electron reaction mechanism (P + K+ + e- → KP), 

which gives rise to a theoretical capacity of 865 mAh g-1 [249], in line with the black phosphorus 

work [250]. The favorable formation of KP other than K3P is revealed by DFT calculation. Yu et 

al. reported the final alloying product of P is K4P3 which corresponds to a theoretical capacity of 

1154 mAh g-1. The above alloying reaction induces the volume expansion during potassiation, so 

a general carbon coating strategy could alleviate the potassiation induced volume expansion of 

phosphorus-based anodes and thus enhance the cycling stability [236,251,252]. Nitrogen-doped 

carbon is deemed to have higher adsorption energy toward phosphorus atom than pristine carbon 

[253]. Confinement of P in carbon tubes is a popular strategy that could enhance the cycling 

stability [253,254]. Metal phosphides with alloying metals are also intensively studied as PIB 

anodes. SnP0.94@GO exhibits a limited stable capacity of 309 mAh g-1 at 25mA g-1 [255]. GeP5 

exhibits a two-step conversion-alloy mechanism and a stable potassium storage capacity of 213.7 

mAh g-1 over 2000 cycles using a KFSI/EC:DEC electrolyte [256]. Another example is Sn4P3 

[238,257,258]. Sn4P3 experience multiple potassiation processes which is shown as follows [238]: 

Sn4P3 + (9-3x)K → 4Sn + 3K3-xP    (8) 

23Sn + 4K → K4Sn23    (9) 

K4Sn23 + 19K → 23KSn    (10) 

The first step is a conversion reaction, and the second step is an alloying reaction, giving a 

theoretical capacity of 620 mAh g-1. The intermediate phases act as buffers to alleviate the 

volume changes (up to 680%) during cycling. To alleviate the volume change and the 

pulverization of active materials, Ci et al. synthesized a porous carbon-supported Sn4P3@C 

composite [257]. Sn4P3@C exhibits a capacity of 473 mAh g-1 at 50 mA g-1 and a high capacity 

mailto:SnP0.94@GO
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of 181.5 mAh g-1 after 800 cycles at 500 mA g-1. Guo et al. further gives a more clear picture of 

the (de-)potassiation mechanism of Sn4P3 using in situ XRD [258]. Sn4P3 first breaks into Sn 

particles and the P precipitates. Second, P alloys with K forming K3P11. Finally, Sn is alloyed 

completely with K to form the KSn phase and K3P11 is further alloyed to form the K3P phase. 

Alloying anode represent a class of high capacity PIB anode. Alloying anodes exhibit high 

reversible capacity due to the high charge transfer number per alloying atom, which gives rise to 

high capacities. Nevertheless, the cycling stability of most alloying anodes is much inferior to 

their performances in SIBs, and LIBs, which is caused by the much higher volume variation and 

pulverization. The volume variation and active material pulverization lead to the loss of electrical 

contact and the rapid capacity fading. Therefore, it is still a huge challenge for the application of 

alloying anodes. The high density of alloying anodes is an advantage over carbonaceous 

materials. Further mechanism study, electrode architecture design, and tuning interface could 

enable stable, high capacity alloying anodes. 

3.2.5 Conversion Anodes 

 

Fig. 13 (a) XRD pattern, (b) SEM, (c) TEM of the ultrathin layered VSe2 nanosheets. (d) First 

three CV curves of the VSe2 nanosheet electrode at 0.1 mV s-1. (e) Charge-discharge curves of 
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VSe2 nanosheet electrode at a current density of 100 mA g-1. (f) Cycling stability of the VSe2 

nanosheet electrode at 200 mA g-1. (g) The rate capability of VSe2 nanosheet electrodes. (h) The 

cycling stability of VSe2 nanosheet electrode at 2000 mA g-1. (i) Ex situ XRD, and (j-m) TEM 

investigations. (n) Schematic illustrating the K+ ion storage mechanism of VSe2. Reproduced 

with permission [259]. Copyright 2018, Wiley-VCH. 

Besides alloying anodes, conversion anodes also exhibit high capacity due to single or 

multiple conversion reactions. The general reaction mechanism of conversion anode is expressed 

as follows: 

nK+ + ne- + MX → KnX + M    (11) 

where, M is a transition metal element, X is a non-metal anion (O, S, F, Cl, P, etc.). Based on the 

non-metal anion, conversion anodes can be grouped into oxides, phosphides, and sulfides 

(selenides). 

Oxides. Rahman et al. synthesized a hybrid Co3O4 and Fe2O3 nanoparticles dispersed in 

super P carbon (Co3O4-Fe2O3/C) [260]. Co3O4-Fe2O3/C displays a capacity of 220 mAh g-1 at 50 

mA g-1. Guo et al. reported an amorphous FeVO4 as a PIB anode [261]. FeVO4 delivers a high 

capacity of 350 mAh g-1 at 100 mA g-1, high rate capability (180 mAh g-1 at 2000 mA g-1), and 

stable cycling of 2000 cycles with a capacity retention of 99.8%. The potassiation mechanism of 

this FeVO4 is revealed by TEM analysis. The initial potassiation is a conversion process (10K+ + 

10e- + FeVO4 → FeO + V2O3 + 2VO2 + 5K2O). The subsequent depotassiation and potassiation 

occur between FeO, and Fe2O3, V2O3, and FeVO4, in which pure Fe and V metals are not 

detected. Cao et al. investigated the (de-)potassiation behaviors of tetragonal cryptomelane 

MnO2 [262]. Cryptomelane MnO2 is built by double chains of edge-shared MnO6 octahedral, 

forming unique (2×2) (side length 4.6 Å) and (1×1) tunnels. Cryptomelane MnO2 could act as 

both anode and cathode of PIB. As an anode, after being potassiated to 0.01 V, MnO2 is 

transformed into Mn, and K2O. In subsequent cycling, the reactants may be MnO. The initial 
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discharge and charge capacities are 1588, and 636 mAh g-1 (ICE=40%). MnO2 still delivers a 

capacity of 226.5 mAh g-1 at 100 mAh g-1 after 500 cycles. Similarly, MoO2/GO composite 

shows an initial charge capacity of 367 mAh g-1 at 50 mA g-1, and a reversible capacity of 218 

mAh g-1 can still be delivered after 200 cycles [263]. Tin based oxides have been extensively 

investigated as LIB and SIB anodes. As a PIB anode, SnO experience the following potassiation 

mechanism.  

SnO + 2K+ + 2e- → Sn + K2O    (12) 

Sn + xK+ + xe- → KxSn    (13) 

In 0.5 M KPF6/EC:DEC electrolyte, SnO2 shows little electrochemical activity toward 

potassiation, but SnO delivers a practical capacity of 183 mAh g-1 at the 30th cycle [264]. SnO 

has much better cycling stability compared with Sn. The discharge product, K2O matrix, 

suppresses the aggregation and buffers the volume expansion of Sn nanoparticles. The cycling 

stability of SnO2 can be enhanced by advanced coating techniques. One such example is the 

MoS2@SnO2@C nanosheet designed by Zhang et al [265]. 

Phosphides. Yolk-shell structured FeP carbon nanoboxes (FeP@CNBs) consisting of FeP 

nanoparticles surrounded by carbon shell was constructed by Guo et al [266]. FeP@CNBs 

deliver a discharge/charge capacity of 1125.5 mAh g-1 and 762.8 mAh g-1 in the initial cycle, 

giving an ICE of 67.8%. FeP@CNBs exhibits superior cycling stability. FeP@CNBs delivers a 

high initial reversible capacity of 545 mAh g-1, and a charge capacity of 476 mAh g-1 is retained 

after 400 cycles.  

Sulfides (selenides). Transition metal sulfides (including selenide) is probably the most 

widely investigated conversion anodes for PIBs [267]. In the potassiation process, MoS2 

experiences intercalation reaction above 0.54 V vs. K/K+, and conversion reaction below 0.54 V 
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vs. K/K+ (metallic Mo and K2S are generated) [212]. Wang et al. reported a bimetallic Fe-Mo 

selenide@N-doped carbon composite (FMSC) as PIB anode [268]. FMSC displays an expanded 

interlayer spacing of 7.4 Å compared with pristine MoS2 (6.5 Å). FMSC delivers a capacity of 

313 mAh g-1 at 100 mA g-1. A high capacity of 178 mAh g-1 is retained after cycling at 1 A g-1 

for 1000 cycles. Due to the pulverization of metal sulfides during potassiation, a general carbon 

coating strategy could be employed to design high-performance sulfide/selenide anodes [269]. A 

unique pistachio-shuck-like MoSe2/C core/shell nanostructure (PMC) was synthesized by Guo et 

al [270]. PMC shows a high capacity of 322 mAh g-1 at 0.2 A g-1 over 100 cycles, and a high 

retained capacity of 226 mAh g-1 at 1 A g-1 after 1000 cycles. Lu et al. investigated the (de-

)potassiation performances of MoSe2 [270]. MoSe2 experiences an intercalation-conversion 

reaction mechanism, in which intercalation locates above 0.53 V, while conversion locates below 

0.53 V [270]. The dominating conversion (discharge) products are Mo and K5Se3, while the 

charge products are MoSe2, Mo15Se19, and Se. VSe2 is a member of the metallic selenide, which 

could enable efficient electron transportation. Guo et al. synthesized ultrathin layered VSe2 

nanosheets as PIB anode [259]. VSe2 nanosheets have an interlayer spacing of 6.11 Å (Fig. 13a) 

and sheet-like morphology (Fig. 13b and c) [259]. As a PIB anode, VSe2 shows clear redox 

peaks (Fig. 13d) and charge-discharge plateaus. VSe2 shows a charge plateau higher than 1.5 V 

(Fig. 13e) which may impede its practical application as a PIB anode. VSe2 delivers a capacity of 

335 mAh g-1 at 200 mA g-1 after 200 cycles (Fig. 13f), and a high rate capability (172 mAh g-1 at 

2 A g-1) (Fig. 13g). VSe2 was further cycled at 200 mA g-1 for 500 cycles and achieved capacity 

retention of 87.3% (Fig. 13h). Ex situ XRD (Fig. 13i) and TEM (Fig. 13j-m) were used to 

determine the K+ storage mechanism. VSe2 experiences intercalation at potential above 0.5 V 

and conversion below 0.5 V. The final discharge product is metallic V and K2Se, the structure 
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fully recovers after full charge (Fig. 13n). Other sulfide and selenide conversion anodes have 

been intensively studied as PIB anodes, such as, ZnS [271], SnS2 [272,273], Sb2S3 [274], FeSe2 

[275][276], FeS2 [277–279], CuSe [267], CoSe [280,281] and CoS [282,283]. As a typical 

example, FeSe2/N-C [275] electrode experiences a (de) intercalation coupled with conversion 

mechanism, which results in the formation of a series of compounds from FeSe2 to Fe3Se4. 

Fe3Se4 acts as an active material in the following cycles. Du et al. reported the potassium storage 

performances of a cubic phase CuSe with crystal-pillar-like morphology (CPL-CuSe) [267]. The 

main phase of CPL-CuSe belongs to cubic symmetry with a space group of Fm-3m. CPL-CuSe 

shows stable performances (360 cycles, retention of 92.6%) in 1 M KPF6/DME electrolyte. CPL-

CuSe shows a discharge capacity of 337 mAh g-1 at 100 mAg-1 with a high ICE of 92.4% and a 

capacity retention of 86% after 40 cycles. CPL-CuSe could deliver a high capacity of 280 mAh 

g-1 at a high current density of 5 A g-1, which is a high value among conversion anodes. In situ 

XRD results reveal the potassiated CPL-CuSe has K+ ion intercalated K0.5CuSe and Se phases. 

Most of the conversion anodes have limited cycling stability, high polarization upon charge-

discharge, and relatively low ICEs. Given the experience in LIBs and SIBs, conversion anodes 

can hardly be employed in practical PIB batteries unless the long-term cycling stability and 

volume variation are well resolved. Nanoengineering, advanced structural design, and tuning 

electrode/electrolyte interface could enable highly stable conversion anodes. 

3.2.6 Organic Anodes 
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Fig. 14 (a) The schematic diagram of K2TP and K2PC and their charge transfer processes in PIBs. 

(b) Selected discharge-charge curves under different current densities for (a) K2TP. (c) The long-

term cycling performance of K2TP and K2PC under the current rate of 0.2C for 100 cycles. 

Reproduced with permission [284]. Copyright 2017, Elsevier. (d) Schematic illustration of the 

PIC with the configuration of K2TP//AC. (e) XRD pattern and SEM image (inset) of K2TP. (f) 

Nitrogen adsorption/desorption isotherms and SEM image (inset) of AC. (g) CV curves of AC 

cathode, K2TP anode, and the hybrid PIC. (h) Potassiation mechanism of K2TP, a schematic 

diagram of the cell for in situ FTIR is shown below. (i) A typical charge-discharge curve at 20 

mA g-1. (j) In situ FTIR spectra of the K2TP anode in a charge/discharge cycle. (k) Raman 

spectra of the K2TP anode at different potassiated states. Reproduced with permission [285]. 

Copyright 2019, Royal Society of Chemistry.  

Organic anodes, such as simple organic molecules [127], metal-organic frameworks (MOF) 

[286], covalent organic framework (COF) [287], polymers [126,288], have attracted the 

significant research attention for rechargeable alkali metal ion batteries, such as LIBs, SIBs, and 

PIBs. In 2017, Li et al. studied the (de-)potassiation processes of potassium terephthalate (K2TP) 

and potassium 2,5-pyridinedicarboxylate (K2PC) anodes in 1 M KFSI/EC:DMC (dimethyl 

carbonate) electrolyte. The structures of K2TP and K2PC differ in the hexatomic ring (Fig. 14a). 
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One mole molecules can bond 2 mole K+ giving a theoretical capacity of around 220 mAh g-1. 

K2TP and K2PC show similar (de-)potassiation behaviors by obtaining and releasing 2 K+ ions in 

the potassiation process, which gives a voltage plateau around 0.7 V. K2TP shows a reversible 

capacity of 270 mAh g-1 at 0.05C and a decent rate capability (Fig. 14b). K2TP shows decent 

cycling stability with a retained capacity of 158 mAh g-1 at 0.2C after 100 cycles (Fig. 14c). Li et 

al. further studied the K+ ion storage capability of potassium 1,1’-biphenyl-4,4’-dicarboxylate 

(K2BPDC) and potassium 4,4’-E-stilbenedicarboxylate (K2SBDC) [289]. K2BPDC shows a 

lower capacity (165 mAh g-1 at 100 mA g-1) compared with K2TP owing to its higher molecular 

weight. The active centers of K2TP (K2PC) and K2SBDC are carbonyl functionality, which is 

similar with the anthraquinone-1,5-disulfonic acid sodium salt (AQDS) (78 mAh g-1) [290,291], 

Vitamin K3 (222.3 mAh g-1 at 100 mA g-1 after 100 cycles) [292], and azobenzene-4,4’-

dicarboxylic acid potassium salts (ADAPTS) (109 mAh g-1 at 1C) [293]. The relatively low 

voltage plateau enables K2TP to be a suitable anode for full PIB [294], and PICs [285]. Fig. 14d 

displays the architecture of a PIC based on K2TP anode and activated carbon cathode in 

KPF6/DME electrolyte [285]. XRD of monoclinic K2TP is shown in Fig. 14e. AC is of 

microporous structure (Fig. 14f). Assembling of the AC cathode and K2TP anode gives to a PIC 

with an operation voltage higher than 3 V (Fig. 14g). The hybrid PIC device delivers an energy 

density of 101 Wh kg-1 and a power density of 46 W kg-1. The charge storage mechanism was 

studied by in situ Raman and Fourier-transform infrared spectroscopy (FTIR) spectra (Fig. 14h). 

The enhanced C=C vibration at 1660 cm-1 during discharge is due to the formation of C-O bonds 

and conjugated non-benzene C=C double bonds with weaker aromaticity (Fig. 14i-k). 

A merit of the organic anode is its relative high charge-discharge voltage plateau, which 

could avoid K dendrite growth. However, the solubility of organic anodes makes them unstable 



63 

 

in aprotic electrolytes, which could be improved by some novel synthesis strategies, and 

engineering of the electrode/electrolyte interface. The density of most organic materials is lower 

than graphite, which hampers their practical applications. The low conductivity of organic 

anodes also needs a large amount of conductive carbon black. The capacity of carbon blacks 

needs to be excluded so that the reported capacity is the real specific capacity of the organic 

anodes. 

3.2.7 Potassium-Metal Anodes 

 

Fig. 15 (a) Utilizing a room-temperature liquid Na-K binary alloy as a PIB anode. Reproduced 

with permission [295]. Copyright 2018, Wiley-VCH. Morphology changes in the K-ACM 

electrode during cycling. (b, e) Cross-section and top-view SEM images of the pristine K-ACM. 

(c, f) Cross-section and top-view SEM images of the cycled K-ACM electrode after the third 

stripping process. (d, g) Cross-section and top-view SEM images of the cycled K-ACM electrode 

after the third plating process. (h) Schematics of electron and ion channels in a traditional K 

metal anode and (i) in a K-ACM anode. Reproduced with permission [296]. Copyright 2019, 

Wiley-VCH. (j) Comparing galvanostatic K plating and stripping on the Cu substrate using 

different electrolytes at 0.05 mA cm-2. (k) Charge-discharge curves, and (l) the cycling 

performance with 0.1 M KFSI/DME electrolyte. (m) Potassium plating and stripping curves at 4 

mA cm-2. (n) Dependence of Coulombic efficiency on cycle number at current densities from 
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0.05 to 4 mA cm-2. Reproduced with permission [31]. Copyright 2017, American Chemical 

Society. 

Although the capacity of K metal (685 mAh g-1) is limited due to its higher atomic weight 

than Li, and Na (Table 1), it remains valuable to investigate K-metal as a practical anode of 

RPBs. The challenges of K-metal anodes are: (1) high reactivity toward oxygen and water, 

oxygen impermeable membrane is needed to protect K-metal anode from corrosion in a POB; (2) 

uncontrolled dendrite growth that would puncture the separator and cause short circuit; (3) 

infinite volume variation in a charge-discharge process [19]. The dendrite growth of K-metal 

anode can be alleviated by forming a liquid/liquid electrode/electrolyte interface. Na and K form 

a dendrite-free liquid alloy at 9.2 to 58.2 wt% Na at 25 oC. Goodenough et al. reported a Na-K 

liquid alloy (33.7 wt% Na) as a dendrite free anode [93]. Na-K liquid alloy is immiscible with 

most organic solvents, which enables a stable liquid-liquid Na-K/electrolyte interface. However, 

due to the high surface tension, Na-K liquid is not wet on a porous matrix at room temperature. 

K-Na alloy was absorbed in a carbon paper strip at 420 °C to fabricate the liquid anode. 

Significantly, the carbon paper substrate and Na-K liquid alloy can be recycled by washing the 

composite electrode in a tetraethylene glycol dimethyl ether (TEGDME) solvent. Na-K 

symmetric cell shows an ultra-long platting/stripping cycle life of 2800 h at 0.4 mA cm-2. Using 

Na2MnFe(CN)6 as a cathode, they assembled a Na-K metal battery with a stable cycling 

performance. During repeated cycling, Na2MnFe(CN)6 has been transformed to K2MnFe(CN)6. 

This is caused by the higher Fermi level of K versus Na, which favors K+ transportation to the 

electrolyte from the alloy anode upon discharge and Na+ from the electrolyte to the anode upon 

charge. Goodenough et al. further developed a room-temperature vacuum infiltration strategy 

(Fig. 15a) to fabricate Na-K alloy anode based on porous Cu or Al membrane [295]. Yu et al. 

designed an in situ formed potassiphilic KC8 GIC coated carbon framework to accommodate Na-



65 

 

K liquid alloy as high stable anodes. The Na-K composite anode is highly durable (plating and 

striping for 5000 hours at 20 mA cm-2, and stable plating and stripping at 80 mA cm-2, 16 mAh 

cm-2). 

A general three-dimensional 3D carbon host strategy is applied in designing high stable Li 

[297], Na [298,299], and K [300] metal anodes to alleviate the dendrite formation and volume 

variation during repeated plating/stripping. K metal was infiltrated into an aligned carbon 

nanotube membrane (ACM) at 100 oC to prepare a K-ACM anode with the assistance of a strong 

capillary force of ACM [296]. K-ACM shows a stable plating stripping behavior of 10000 

minutes at 2 mA cm-2, 1 mAh cm-2. The thickness of K-ACM electrode remains almost 

unchanged during K stripping/plating (Fig. 15b-d). The ACM host preserves its initial structure, 

while metallic K remains confined in the voids between adjacent aligned CNTs (Fig. 15e-g). The 

interspace in ACM provides a sufficient electrode/electrolyte interface for K plating and 

stripping (Fig. 15i). CNTs in ACM provides fast electron transportation, in contrast to a 2D 

K/electrolyte interface (Fig. 15h). A 3D conductive host is believed to have a decreased local 

current density and also induce a 3D growth of K-metal [301]. The potassiphilic nature of the 

carbon host plays an important role in the reversible plating/stripping, as demonstrated in lithium 

and sodium metal anode protection [297,302]. Modification of carbon host by heteroatom doping 

and potassiphilic nucleation seeds could enhance the potassiphilicity and decrease the deposition 

energy of potassium [303]. The unstable SEI on K-metal anode causes the inhomogeneities in 

local resistance and ion flux through SEI layer, which induces the morphologically non-uniform 

K growth. Kang et al. designed an artificial SEI (ASEI) by contacting CNT film on K metal 

anode in 0.5 M KPF6/EC:DEC electrolyte [304]. ASEI is a composite composed of CNT 

skeleton and inorganic (K2O2, KF)-rich SEI coatings formed in the in situ electrochemical 
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reductions. ASEI coated K metal anode shows an ultra-stable cycling behavior for over 2000 

hours at 5 mA cm-2/4 mAh cm-2. In the K/CNT electrode, ASEI acts as a “plating mediator” 

which guides and regulates the K metal deposition within the ASEI framework. A more facile 

way to regulate the SEI in the electrode/electrolyte interface is tuning the electrolyte composition. 

Wu et al. achieved high reversible K plating and stripping in KFSI/DME electrolyte (1 M and 5 

M) in contrast to the electrolyte compositions of 1 M KPF6/DME, 1 M KTFSI/DME, and 0.8 M 

KPF6/EC:DEC (fail in 10-20 cycles) (Fig. 16j) [31]. High reversible K-metal plating and 

stripping is achieved in 1 M KFSI/DME electrolyte (Fig. 16k, l) at current density from 0.05 to 4 

mA cm-2 (Fig. 16m, n). The high reversible K metal plating and stripping originate from the 

stable inorganic/organic SEI composed of oligomers and KF. The anodic voltage window of 

KFSI/DME electrolyte can be further extended by increasing the KFSI concentration. Guo et al. 

further reported KFSI based carbonate electrolytes that show high reversible K-metal plating and 

stripping [305]. SEI on K-metal anode formed in KFSI/EC:DEC electrolyte shows high 

inorganic content than that the SEI formed in KPF6/EC:DEC electrolyte. Fluoroethylene 

carbonate (FEC) electrolyte additive has been demonstrated to build stable SEI on the anodes of 

SIBs. However, FEC additives have shown a devastating effect on K-metal anode [258]. The 

role of FEC additive needs to be investigated in-depth. 

Reversible K-metal striping and plating can be achieved by structural design, tuning 

electrode/electrolyte interface, and electrolyte engineering, which makes K-metal anode a 

promising anode in practical applications. The utilization of K-metal anode needs to be improved 

further for practical research. For specific applications in POB and PSBs, K-metal anode also 

needs to avoid the attack of parasitic reactions. 

3.2.8 New Trends in PIB Anode Research 
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Fig. 16 (a) Raman spectra of HCNT sponges. (b) Schematic diagram of hierarchical CNT, 

consisting of dense inner graphitic regions and loose-packed outer CNT. (c) The cycling 

performance of HCNT-S4 electrode, CNT powder, and graphite electrodes at 100 mA g-1, inset 

shows the TEM image of NCNT-S4 and CNT after cycling. (d) Charge-discharge curves of 

HCNT-S4 sponge electrodes at 100 mA g-1 for specific cycles. Reproduced with permission 

[157]. Copyright 2018, Wiley-VCH. (e) Schematic illustration of the formation of OGCS. (f, g) 

SEM images of OGCS. (h, i) TEM and HRTEM images of OGCS. Ex situ HRTEM images of (j) 

Pristine, (k) 10th, (l) 200th cycles (Scale bars 5 nm). Ex situ TEM images at different cycle 

numbers. (m) 10th, (n) 200th. (o) Schematic illustration of potassiation process of OGCS 

electrodes. Reproduced with permission [306]. Copyright 2019, Wiley-VCH. (p) Schematic 

diagram of the synthesis process of a BiSb@C composite. (q) XRD patterns of BiSb@C 

composite. (r) Cycling performance of Bi@C, BiSb@C, and Sb@C composites. (s) Schematic 

diagram showing the effects. Reproduced with permission [307]. Copyright 2020, American 

Chemical Society. 

Advanced Structural Design. Carbonaceous anode is still the most promising anode 

materials for future PIBs. Due to the high volume variation during (de-)potassiation, graphitic 

carbon anodes face structural degradation upon repeated (de-)potassiation. Despite designing 

advanced thin shell graphitic carbon nanostructures [30][153], gradient and hierarchical 

structural design could enable free atomic spaces or sub-nano interspaces to accommodate K+ 

ion (de-)intercalation. Given the consideration that multiwall carbon nanotubes are not suitable 
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for K+ ion intercalation [30], a hierarchical CNT (HCNT) structure composed of an inner dense-

CNT acting as the skeleton and an outer loose-CNT for efficient K-ion (de-)intercalation [157]. 

The Raman spectra of HCNT (Fig. 16a) indicates its defective lattice. The inner of HCNT is 

dense graphene layers, while the outer is loose arranged graphene layers (Fig. 16b). HCNT 

shows stable cycling at 100 mA g-1 (Fig. 16d) compared with commercial CNT (fracture at 300 

cycles) and graphite powders (Fig. 16c). Since K+ intercalation leads to an expansion of graphite 

along the c-axis, so the interspace between sub-nano architectures could help buffer this volume 

variation during (de-)potassiation. Lin et al. synthesized a mesoporous graphitic carbon 

nanospring (denoted as OGCS) through a two-step high-temperature hydrothermal process (500 

oC) and carbonization (1400 oC) process of epoxy resin (Fig. 16e) [306]. OGCS displays an 

accordion morphology and its graphene layers are perpendicular to the axial direction of OGCS 

(Fig. 16f-i). OGCS displays stable cycling performance (above 100 mAh g-1 at 2 A g-1 after 

10000 cycles). OGCS shows robust morphology and aligned graphitic structure (Fig. 16j-n) 

during cycling. The unique accordion structure enables OGCS to expand one-dimensionally 

along the long axis, which is crucial for ultra-high cycling stability. The inferior cycling stability 

of alloying anodes could be improved by advanced structure design. Xu et al. prepared a 

BiSb@C composite by pyrolysis of bismuth potassium citrate (C12H10BiK3O14) and potassium 

antimonyl tartrate sesquihydrate (C8H10K2O15Sb2) (Fig. 16p) [307]. Both carbon and Bi could 

alleviate the volume expansion of Sb anode. XRD results reveal the uniform alloy between Bi 

and Sb (Fig. 16q). BiSb@C delivers high capacity retention over 97% after over 600 cycles at 

200 and 500 mA g-1, while Bi@C and Sb@C show inferior cycling stability (Fig. 16r). The 

carbon and bismuth in BiSb@C effectively suppress the stress/strain originating from the volume 
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variation (Fig. 16s). Binary alloy strategy could also be used to design binary metal conversion 

anodes with prominent cycling stability [308,309]. 

 

Fig. 17 In situ XRD investigation of graphite anode with KFSI: EMC (1:2.5, molar ratio) 

electrolyte at a current density of C/14. (a) In situ XRD patterns for the first charge-discharge 

cycle. (Inset: the initial galvanostatic curve). (b) The selected XRD patterns during the initial 

discharge–charge with different stages. (c) Cycling performance of graphite with different 

electrolytes at a current density of C/3 (1 C=279 mA g-1). Reproduced with permission [310]. 

Copyright 2019, Wiley-VCH. (c) Charge-discharge curves at 0.5 C (1C=400 mAg-1). (d) Cycling 

stability of Bi anode in 1 M KPF6/DME electrolyte. (e) SEM image and contact angle of DME-
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based electrolyte on Bi electrode after 100 cycles. Reproduced with permission [49]. Copyright 

2019, Wiley-VCH. 

Solid Electrolyte Interphase Engineering. The instability of graphite originates from a large 

volume variation (61%) and the instability SEI. Stable SEI could enable high reversible (de-

)potassiation behavior of graphite anode. Lu et al. employed a concentrated KFSI/EMC (ethyl 

methyl carbonate) electrolyte (KFSI:EMC = 1:2.5, molar ratio) for high stable graphite anode 

[310]. In KFSI/EMC electrolyte, graphite anode shows a clear, and high reversible stepwise 

staging behavior with stage V to stage I (Fig. 17a). This high stability originates from the high 

stable KF-rich SEI on graphite anode. The highly stable inorganic-rich SEI layer on the graphite 

electrode enables ultra-high cycling stability of 2000 cycles without apparent capacity decay (Fig. 

17b). Wu et al. utilized a localized high concentrated electrolyte for graphite anode [311]. A 

highly fluorinated ether of 1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether (HFE) is applied as 

a cost-effective cosolvent to dilute the concentrated KFSI/DME (HCE) electrolyte. Such a 

localized high concentrated electrolyte (LHCE) enables higher oxidation stability, lower 

flammability, and higher ionic conductivity than its parent HCE. In this LHCE, graphite anode 

shows stable cycling of 300 cycles at 25 mA g-1. The high stability of graphite anode in LHCE 

originates from the KF-rich SEI on the graphite surface. Sun et al. employed a 5 M concentrated 

electrolyte of KTFSI in diethylene glycol dimethyl ether (DEGDME) to stabilize the cycling 

performance of Bi anode [312]. Their results show that high concentrated electrolytes could 

passivate the bismuth-carbon surface by increasing its reduction resistance. Micron-sized Bi-

metal shows higher cycling stability (Fig. 17c) of 300 cycles at C/3 (Fig. 17d) in 1 M 

KPF6/DME electrolyte that that in PC based electrolyte [49]. The apparent difference in cycling 

stability originates from the different SEI components. In PC based electrolyte, ROCO2K is 

formed. ROCO2K is unstable and can be easily decomposed into RCH2OK and K2CO3. On the 
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contrary, the SEI formed in a DME based electrolyte is a robust inorganic/organic composite 

composed of RCH2OK, and inorganics of KOH, KF, and KPF6. After 100 charge-discharge 

cycles at 2C, bulk Bi is transformed into a 3D nanoporous skeleton with superior wettability 

toward DME based electrolyte (Fig. 17e).  

 

Fig. 18 (a) Schematic diagram illustrating the direct pyrolysis supermolecule strategy for the 

synthesis of 3D-NTC PIB anodes. (b) SEM, (c) TEM, and (d) HRTEM images of 3D-NTC750. 

Inset displays the defect-rich structure and the structural schematic diagram of 3D-NTC750. (e) 

Comparison of the total nitrogen doping levels, edge-nitrogen doping levels, and their reversible 

capacities between 3D-NTC750 and other high-performance carbonaceous anodes. (f) Rate 
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performances of 3D-NTCs. (g) Long-term cycling of 3D-NTCs at a current density of 1000 mA 

g-1. Reproduced with permission [53]. Copyright 2020, Wiley-VCH.  

Edge-Nitrogen Engineering. Amorphous carbon has shown a higher capacity than graphite 

due to its defective structure that exposes abundant K+ ion adsorption sites [52]. Alshareef et al. 

designed a nitrogen-rich defective carbon for efficient storage K+ ions using a direct pyrolysis 

strategy [53]. They synthesized a hydrogen bond bonded supermolecule (PMA-MA) by self-

assembly using pyromellitic acid (PMA) and melamine (MA) as precursors in an aqueous 

medium (Fig. 18a). The PMA-MA supermolecule was then undergone direct pyrolysis in an 

argon atmosphere at 750 oC and 900 oC (obtained carbon is denoted as 3D-NTC750, and 3D-

NTC900). The preparation strategy of 3D-NTC750 is similar to a recent work using melamine 

and cyanuric acid as the precursors of resultant carbons [313]. The obtained 3D-NTC750 is of 

turbostratic structure with 3D framework composed of carbon nanosheets (Fig. 18b, c) and high 

nitrogen doping (22.8 at% nitrogen doping, among which 73.7% is edge-type of pyridinic and 

pyrrolic). 3D-NTC750 shows a defective structure with large interatomic spacing (Fig. 18d), 

which provides large enough interspace for K+ ion intercalation and diffusion. 3D-NTC750 

exhibits an ultrahigh capacity of 473 mAh g-1, and a long cycling life of 500 cycles at 1 A g-1 

with a high capacity retention of 93.1%. Edge-nitrogen dopants, pyridinic and pyrrolic nitrogens, 

have high adsorption energy toward K. DFT calculation results suggest that carbon vacancy also 

shows high adsorption energy toward K. Based on the above experimental and computational 

results, it can be concluded that the defective vacancy structures induced by losing carbon atoms 

or by doping edge-nitrogens are highly active sites for K+ ion adsorption [53][175]. 
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Fig. 19 (a) Schematic synthesis process of SNHC. (b) HRTEM images of SNHC with the SAED 

patterns. (c) XRD patterns of CPAN and SNHC. (d) Cycling performances of CPAN and SNHC. 

Reproduced with permission [314]. Copyright 2019, Wiley-VCH. (e) The 2nd charge-discharge 

curves of SC-800, SC-1200, and SC-1600 electrodes, the inset was the cyclability results tested 

at 0.5C. (f) XRD patterns of SC-800, SC-1200, and SC-1600. (g) The HRTEM image of SC-

1200. Reproduced with permission [54]. Copyright 2020, Wiley-VCH. 

Large-Scale Production. In the development of prototype PIBs toward tomorrow’s 

commercialization, we need anodes and cathodes with stable performances that are prepared in a 

large-scale chemical process. For carbonaceous materials, we need abundant precursors for the 

synthesis of carbonaceous anodes. Polyacrylonitrile (PAN) is a general polymer used for 

synthesis engineering carbon materials [315], and amorphous carbon anodes for LIBs [316], 
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SIBs [317], and PIBs [179]. Wu et al. developed a large scale strategy to synthesize S/N dual-

doped hard carbon (SNHC) by a combined cyclization (280 oC), sulfuration, and carbonization 

(1000 oC for 2 hours) processes (Fig. 19a) [314]. The N and S contents of SNHC are 4.16 and 

1.81 wt.%, respectively. The N content of CPAN (without sulfuration) is 3.29 wt.%. HRTEM 

combined with SAED (Fig. 19b) and XRD (Fig. 19c) demonstrate the more disordered, and 

defective microstructure of SNHC compared with CPAN due to S-doping. SNHC shows a stable 

cycling performance at 100 mA g-1 for 500 cycles (213 mAh g-1 retained) (Fig. 19d). Pitch is 

another abundant precursor for the production of large-scale carbon materials. Cao et al. 

prepared pitch-derived soft carbon at a pyrolysis temperature of 1200 oC (SC-1200) [54]. SC-800 

and SC1600 are comparatively prepared at temperatures of 800 oC, and 1600 oC. SC-1200 

displays the highest specific capacity of 246.2 mAh g-1 as compared to 219.3 mAh g-1 of SC-800 

and 171.8 mAh g-1 of SC-1600 (Fig. 19e). The average interlayer spacing of SC-1200 is 3.49 Å 

(larger than the 3.35 Å of graphite) (Fig. 19f), which could facilitate the K+ intercalation and 

diffusion. Clear lattice fringes were observed in the sample of SC-1200 with turbostratic GNDs 

(TEM in Fig. 19g). Pitch, PAN and various biomasses are promising precursors for the large-

scale synthesis of high-performance carbonaceous anodes for PIB. 

4. Potassium Ion Capacitor 
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Fig. 20 (a) Charge-discharge curves of graphite//AC PIC in 0.8 M KPF6/AN electrolyte. (b) The 

charge-discharge curves of the positive electrode (red) and the negative electrode (blue). (c) 

Schematic representation of the three-electrode cell. (d) Gravimetric Ragone plots comparing 

hybrid PIC with commercial energy storage technologies. (e) Cycling performance of PIC in 0.8 

M KPF6/AN and conventional EDLC in 1 M Et4NBF4/AN using pouch cell configuration. (f) 

Schematic diagrams of PICs, and EDLCs. Reproduced with permission [35]. Copyright 2017, 

Elsevier. Performances of NMCP@rGO//AC PIC full cell. (g) Illustration showing the 

architecture of the hybrid PIC. (h) Charge-discharge curves in the voltage range of 0.01-4.2 V 

(based on the total mass of the active materials). (i) Rate capabilities at various current densities 

(based on the weight of the anode materials). (j) Ragone plots in comparison with other reported 

PICs. (k) Ragone plots in comparison with other representative energy storage devices (based on 

the total mass of the active materials. (l) Cycling performances of PIC (based on the weight of 

the anode materials). Reproduced with permission [318]. Copyright 2020, Wiley-VCH. 

The power densities of rechargeable batteries are limited by their slow Faradaic reactions on 

anode and cathode. On the contrary, the energy densities of EDLCs are limited to 5 Wh kg-1. 

Tremendous efforts have been made to design a hybrid ion capacitor composed of one electrode 

based on Faradaic reactions and one EDLC-type electrode based on reversible 

adsorption/desorption of electrolyte ions. Using such a design, lithium-ion capacitors (LICs) 

[319], sodium-ion capacitors (SICs) [320], and potassium-ion capacitors (PICs) can achieve 

much higher energy densities and comparable power densities to EDLCs [35]. LICs have been 
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intensively investigated in the past two decades. SICs and PICs have the merits of low-cost of 

electrolytes and anode current collectors over their LIC counterparts. Although the size of K+ is 

much larger than that of Na+ and Li+, the capacity of porous carbon cathode is not limited by the 

large size of K+. However, studies on PIC are limited. 

Due to the fast electrode kinetics of PB analogues in aqueous electrolytes [51][321], PB can 

be used as a cathode. Huang et al. proposed an aqueous PIC with cubic PB as a cathode and 

commercial activated carbon (AC) as an anode in the 0.5 M K2SO4 aqueous electrolyte [322]. 

The as-fabricated PIC exhibited a high energy density of 28 Wh kg-1 (based on the total weight 

of anode and cathode) and excellent cycling stability at 2 A g-1 with a capacity retention of 98% 

after 1200 cycles. However, most of its capacity locates below 0.8 V, which limits its practical 

energy density. The first PIC based on organic electrolyte was proposed by Azaïs et al. in 2017. 

In this PIC, AC cathode and graphite anode were assembled in an electrolyte of 0.8 M 

KPF6/acetonitrile (AN) [35]. This PIC could be operated in a wide working voltage window of 

0.5-3.5 V (Fig. 20a). AC cathode and graphite anode are operated in potential ranges of 3.5-4.5 

V and 1.0-3.3 V (vs. K/K+), respectively (Fig. 20b). The electrochemical behaviors of single 

electrodes were investigated by employing a three-electrode system (Fig. 20c). The feasibility of 

PIC was demonstrated by assembling a PIC pouch cell that exhibits a much higher energy 

density than commercial supercapacitor (Fig. 20d). The PIC pouch cell shows high cycling 

stability of 55,000 cycles comparable with the symmetric EDLC, while the energy density of PIC 

(11 Wh kg-1) is substantially higher than EDLC (7 Wh kg-1) (Fig. 20e and f). The above research 

demonstrates that the energy densities of PICs are not reduced too much compared with LICs. 

Recently, there are many researches focusing on hybrid PICs. SC is another anode for PICs, and 

can be potassiated to 0.01 V, Lu et al. reported a PIC consisted of SC anode and AC cathode in 3 
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M KFSI/DME electrolyte [323]. Besides the physical adsorption/desorption on the AC cathode, 

the KFSI/DME electrolyte enables the pseudocapacitive reactions between FSI- anion and AC 

cathode. The as-fabricated PIC has an operating voltage window of 0-4 V and an energy density 

of 120 Wh kg-1 at 96 W kg-1. PIC shows excellent cycling performance with a capacity retention 

of 97.5% after 1500 cycles. The carbonaceous anode can be replaced with other inorganic 

intercalation anodes. Du et al. constructed a Ca0.5Ti2(PO4)3@C//AC hybrid PIC [207]. This PIC 

delivers a maximum energy density of 80 Wh kg-1 at 32 W kg-1 and a high power density of 

5,144 W kg-1 with a corresponding energy density of 34 Wh kg-1. This hybrid PIC shows 

capacity retention of 75.9% after 4000 cycles at a current density of 5 A g-1. Chen et al. 

demonstrated a hybrid PIC based on AC cathode and K2TP anode [285]. Thanks to the small 

volume change (9.4%) of K2TP anode, the PIC exhibited high cycling stability of 500 cycles 

with a capacity retention of 97.7%.  

Heteroatom doping could enable carbonaceous anodes of high capacity for PICs [324,325]. 

Cao et al. reported nitrogen/phosphorus dual-doped multi-layer graphene (NPG) as the anode in 

PIC [326]. The NPG with thin graphene layers could facilitate the K+ ion diffusion, thus enabling 

high rate capability. This PIC delivers a maximum energy density of 104 Wh kg-1 at a power 

density of 760.6 W kg-1, and a maximum power density of 14,976 W kg-1 at an energy density of 

41.6 Wh kg-1. This PIC also shows superior cycling performance with a capacity retention of 65% 

after 1000 cycles at 1 A g-1. Sun et al. designed a PIC using a three-dimensional nitrogen-doped 

microporous carbon polyhedron wrapped by reduced graphene oxide (NMCP@rGO) as the 

anode in 1 M KPF6/EC:DEC electrolyte (Fig. 20g) [318]. The inner N-doped hierarchical carbon 

of NMCP@rGO provides active sites for K+ adsorption, which enhances the capacity of the 

anode. The outer 2D rGO with a stable crosslinked network provides fast transport pathways for 
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electrons and alleviates the volume change during (de-)potassiation. NMCP@rGO anode 

delivers a high reversible capacity of 356 mAh g-1 at 0.05 A g-1 with an ICE of 50.8%. Even at a 

high current density of 5 A g-1, the specific capacity of NMCP@rGO anode could still achieve 

194 mAh g-1. The GCD curves of NMCP@rGO//AC PIC at various current densities show ideal 

oblique lines (Fig. 20h). This NMCP@rGO//AC PIC delivers high specific capacities of 51.7 

mAh g-1 at 0.2 A g-1, and 23.1 mAh g-1 at 10 A g-1 (Fig. 20i). This NMCP@rGO//AC PIC 

exhibits a high energy density of 158.1 Wh kg-1 at a power density of 191 W kg-1 and a 

maximum power density of 19,091 W kg-1 with a corresponding energy density of 63.6 Wh kg-1. 

These energy/power parameters are quite competitive compared with the other PICs reported in 

literature (Fig. 20j) and other electrochemical energy storage devices (Fig. 20k). 

NMCP@rGO//AC PIC also shows high capacity retention of 84.7% over 12,000 cycles at a 

current density of 2 A g-1 (Fig. 20l). Amorphous porous carbons could be used as both cathode 

and anode. Lu et al. fabricated a symmetric PIC by using a carbon foam with microporous 

structure (CFMS) as both cathode and anode in the electrolyte of 0.8 M KPF6/EC:DEC [327]. 

This PIC achieves a high energy density of 58 Wh kg-1 at 1,158.2 W kg-1 and a maximum power 

density of 7,800 W kg-1 with a corresponding energy density of 39 Wh kg-1. A high capacity 

retention of ca. 90% was obtained after 10,000 cycles at a current density of 2 A g-1. 

PICs remain promising cost-effective energy storage devices for high-power applications. 

However, most works reported about the high capacity anode while neglected the cathode. Since 

porous carbon usually has a lower capacity than the anode, the improvement of the capacity of 

porous carbon cathode is also significant. The interaction between PC cathode and anions should 

be investigated in-depth. The long-term cycling stability in a prototype cell needs to be proved. 
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Most reported energy/power values are only based on the active materials, hence, the practical 

power density and energy density need to be evaluated in prototype cells. 

5. Potassium Dual Ion Battery 

 

Fig. 21 Schematic illustrating the charge-discharge mechanism of PDIB based dual carbon 

electrodes and a potassium-ion containing electrolyte. (b) Typical charge-discharge curves at 1C. 

(c) The dQ/dV differential curves derived from the charge-discharge curve. Inset shows the fully 

charged PDIB lights a LED light. Charge-discharge curves based on 1 M KPF6/(EC:DMC:EMC 

= 4:3:2). (d) Charge-discharge curves of PDIB at different current densities of 1, 2, and 3C. (e) 

Rate capabilities and corresponding Coulombic efficiencies at different current densities. 

Reproduced with permission [38]. Copyright 2017, Wiley-VCH. (f) Schematic illustrating the 

charge process of PDIB. (g) The typical charge-discharge curve of KFSI-graphite PDIB at a 

current density of 50 mA g-1. (h) Simulated powder XRD patterns of charged graphite with 

intercalated FSI- anions in different stages, Schematic showing stage I FSI- anion intercalated 

into graphite, DFT calculated voltage profile of FSI- anion intercalation into graphite with 

different stage numbers. (i) Plating (discharge) and stripping (charge) curves measured in a coin 

cell composed of potassium metal as a counter electrode and aluminum foil as a working 

electrode in 1 and 5 M KFSI/EC:DMC electrolyte at 0.5 mA cm-2. Reproduced with permission 

[328]. Copyright 2018, Springer Nature. 

Potassium dual ion battery (PDIB), in which both cation (K+) and anions (PF6
-, BF4

-, FSI-, 

TFSI-, etc.) are involved in the electrochemical reactions, is one of the most promising RPB to 
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meet the future low-cost requirement of large-scale energy storage because of its high working 

voltage, and environmental friendliness compared with traditional rocking-chair PIBs [329,330]. 

A K+ intercalation anode is used as the anode in PDIB, while an anion intercalation cathode (like 

graphite) is used as the cathode in PDIB [331]. In 2017, Lu et al. designed a PDIB based on 

graphites as both cathode and anode in 0.8 M KPF6 in EC:DMC electrolyte [47]. PDIB delivers a 

capacity of 62 mAh g-1 (cathode) with a medium voltage plateau of 3.96 V at 100 mA g-1. The 

reversible (de-)intercalation of PF6
- anions in graphite was probed by ex situ XRD and Raman 

tests. Winter and Placke et al. constructed dual graphite PDIB in ionic liquid-based electrolyte 

(Pyr14TFSI + 0.3 M KTFSI + 2 wt% ES) [332]. In such an electrolyte, graphite shows a high 

stable cycling performance. Graphite cathode shows a capacity of 45 mAh g-1 at 50 mA g-1 in the 

voltage range from 5.0 to 3.6 V. Tang et al. constructed a PDIB using expanded graphite (EG) as 

the cathode and mesocarbon microbead (MCMB) as the anode in 1 M KPF6/EC:DMC:EMC 

(4:3:2, v/v/v) electrolyte (Fig. 21a) [38]. The graphite cathode shows stepwise PF6
- intercalation 

behaviors (Fig. 21b and c), a capacity of 61 mAh g-1 at a current of 1C (Fig. 21d), and decent 

rate capability (Fig. 21e). However, compared with the anode process, the Coulombic 

efficiencies of the cathode are low (80-100%), especially at low charge-discharge rates. Low 

Coulombic efficiency is a major limitation of PDIB. Graphite anode can be replaced by K metal 

anode and alloying anodes (Na, Pb, Sn). Thanks to the low (de-)potassiation potential of alloying 

anodes, the operating voltage of PDIB is not reduced too much [37]. The anodes can also be 

general intercalation anodes, e.g., orthorhombic niobium pentoxide (T-Nb2O5) [226], and EDLC 

type anodes, e.g., porous carbons [333]. The graphite cathode can be also replaced by defective 

graphitic carbon materials [334]. A more general anode is K-metal, provided that the K-metal 

anode is reversibly plated and stripped during charge and discharge processes [328]. Kovalenko 
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et al. constructed a PDIB based on high reversible K-metal plating and stripping chemistry in a 

highly concentrated electrolyte [328]. They chose a 5 M (65 wt.% of KFSI)/EC:DMC as the 

electrolyte, due to the high stability of EC:DMC solvent [335]. The architecture of PDIB using a 

K-free anode strategy is shown in Fig. 21f. The charge-discharge curves (Fig. 21g) display an 

average high voltage of 4.7 V. DFT calculation demonstrates the staging intercalation of FSI- 

cations in graphite. The calculated charge-discharge curve (Fig. 21h) is in line with the 

experimental results. On the anode side, the plating and stripping of K-metal in 5 M 

KFSI/EC:DMC is highly reversible (Fig. 21i), which is the reason for high reversible PDIB 

based on K-metal free anode (Fig. 21j). PDIB technologies are only at its infancy of fundamental 

research. Considerable efforts are required to improve the energy density, energy efficiency, and 

cycle life of PDIBs. 

6. Potassium Sulfur Battery 
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Fig. 22 (a) TEM, inset is the HRTEM. (b) FTIR spectra. (c) TEM and corresponding element 

mapping of C, N, and S. (d) Reaction mechanism of the sulfur cathode of PSB. Physicochemical 

characterization of PANI@CMK-3/sulfur composite. (e) Cycling performance of PSB at 50 mA 

g-1. Reproduced with permission [46]. Copyright 2014, American Chemical Society. (f) 

Illustration showing the preparation of microporous C/S composite. (g) XRD patterns, Raman 

spectra of sulfur, carbon, and C/S composite, TOF-SIMS data of the microporous C/S composite, 

schematic showing the sulfur species existing in the C/S composite. Performances of 

microporous C/S composite as a cathode of PSB. (h) CV curves recorded at 0.01 mV s-1. (i) 

Charge-discharge curves recorded at 20 mA g-1. (j) Cycling performance and Coulombic 

efficiencies recorded at 20 mA g-1. (k) Rate capabilities. (l) The high-resolution S 2p XPS 

spectra at a fully discharged state. (m) The high-resolution S 2p XPS spectra at a fully charged 

state. (n) The DFT calculated the formation energy of KxS compounds. Reproduced with 

permission [336]. Copyright 2019, American Chemical Society. 

Potassium-sulfur batteries. Sulfur is deemed as a potential cathode to construct high-energy 

rechargeable batteries. Sulfur displays a two-electron charge transfer reaction (S0/S2-), which 

gives a theoretical specific capacity of 1675 mAh g-1. Moreover, the low redox potential of K/K+ 

could enable high voltage batteries based on sulfur cathodes. Nevertheless, potassium sulfur 

batteries (PSBs) were less explored because of the high chemical activity of potassium, sluggish 

kinetics of sulfur cathode, and the shuttle effect of long-chain polysulfides [46][337]. The large 

volume variation of the sulfur cathode (296% for S to K2S vs. 80% S to Li2S) leads to low 

Coulombic efficiencies and rapid capacity fading upon cycling [338]. One of the critical 

considerations for PSBs is to stabilize the sulfur cathode. Currently, the stabilization of sulfur 

cathode for PSBs mainly focuses on the development of various host materials with physical 

confinement or chemical modification. In 2014, Chen et al. reported a polyaniline (PANi) coated 

a CMK-3/S composite cathode (Fig. 22a, b, and c) with an optimized sulfur content of 39.2% for 

PSBs. Sulfur is physically filled in the mesopores of CMK-3 [46]. The reversible reaction 

mechanism of K+ and S during (dis)charge is proposed (Fig. 22d). In the discharge process, 

sulfur reacts with K+ to form K2S3 product, while the discharge product turns back to sulfur and 

K+ upon recharge. PANI@CMK-3/S composite cathode shows an initial capacity of 523.5 mAh 
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g-1. PANI@CMK-3/S displays a low capacity retention of 62.9% after 50 cycles (Fig. 22e). To 

circumvent the parasitic polysulfide shuttle effect, sulfurized polyacrylonitrile (SPAN) was 

investigated as a cathode for PSB [339]. The sulfur moieties are grafted on the carbon backbone 

of SPAN by C-S covalent bonds. Thus, SPAN can bypass the dissolution and shuttle of 

polysulfides. SPAN only shows a reversible specific capacity of 270 mAh g-1 with a Coulomibic 

efficiency of 99% at a current density of 0.5C. The capacity retention is as low as 54% after 100 

cycles. The electrochemical performances of SPAN are further improved by applying a 

polyacrylic acid (PAA) binder [340]. The specific capacity of SPAN reaches 1050 mAh g-1 with 

95% capacity retention after 100 cycles at 837.5 mA g-1. The electrochemical mechanism 

involves a solid-to-solid reaction between the insoluble C-S bond and K2S during cycling. PAA 

binder shows higher effectiveness compared with PVDF binder due to its better coherence and 

structural integration between PAA and SAPN. Another reported strategy to prolong the lifespan 

of sulfur in the cathode of PSBs is to confine the small-molecule sulfur (S2 to S7) in microporous 

carbon hosts [336]. Xu et al. prepared a microporous carbon/sulfur (C/S) composite through a 

high-temperature treatment (Fig. 22f). XRD, Raman, and time-of-flight secondary ion mass 

spectrometry (TOF-SIMS) measurements synergistically manifested the successful impregnation 

of S2 and S3 sulfur molecules in the microporous carbon matrix (Fig. 22g). It is demonstrated 

that there is a strong chemical interaction between the sulfur terminal atoms and carbon atoms, 

which eliminates the formation of polysulfide intermediates. Moreover, a lower reaction voltage 

of C/S composite than cyclooctasulfur (cyclo-S8) (Fig. 22h and i) further verify the smaller 

sulfur molecules confined in C/S composite. Benefiting from the strong confinement of host 

carbon material, the C/S composite shows decent rate capability (Fig. 22k) and a reversible 

capacity of 869.9 mAh g-1 with a capacity loss of 0.18% per cycle at a current density of 20 mA 
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g-1 within 150 cycles (Fig. 22j). Ex situ XPS (Fig. 22k and l) demonstrates the discharge 

product is K2S2 and K2S. Furthermore, the DFT calculation (Fig. 22n) of K-S binary phase 

suggests that K2S is the final potassiation product. K2S2 remains a less thermodynamic state. If 

K2S2 is formed due to incomplete potassiation, a disproportionation reaction may occur along 

with the reaction of 2K2S2 → K2S3 + K2S. That is why K2S3 is observed in some reports [46,341]. 

Although several studies about PSBs have been reported over the past few years, 

technological advancement and scientific understanding of K-S batteries are still limited.[338] In 

particular, the mechanism of the sulfur cathode and intermediate phase sequence reaction could 

help us understand the discrepancy between practical and theoretical capacities. Another 

direction is exploiting efficient host material that can physically restrict and chemically bound 

cyclo-S8 or small sulfur molecules for a stable cathode of PSB. Furthermore, the fading of K-

metal anode should be confirmed without influence on cell performance.  

Potassium selenium batteries. Selenium (Se) has much higher conductivity (1×10-3 S m-1) 

than sulfur (5×10-30 S m-1) and comparable volumetric capacity density to sulfur (3253 mAh cm-3 

of Se vs. 3467 mAh cm-3 of S). Se suffers a serious volume changes (up to 400%) and 

dissolution of the intermediate product. In light of this situation, carbonaceous materials are 

frequently employed as a matrix to mitigate the volumetric expansion of Se and restrict the 

shuttling of polyselenides upon cycling. The first exploration of carbonaceous material for the 

confinement of Se was reported by Guo et al. [342]. They reported a Se/carbonized-

polyacrylonitrile (C-PAN-Se) composite cathode for potassium selenium batteries. Through heat 

treatment, the covalent bond developed between C and Se, the small molecules of Se1 is 

homogeneously distributed and constrained in C-PAN carbon matrix on the atomic level. As a 

result, the C-PAN-Se electrode delivers a reversible capacity of 1904 mAh cm-3 (396 mAh g-1) 
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after 100 cycles at a current density of 0.2C. Notably, the (dis)charge mechanism is the transition 

reaction between small molecular Se1 and K2Se Xu et al. reported a Se/nitrogen-doped porous 

carbon composite through the carbonization of ZIF-67 MOF followed by heat treatment of Se 

and carbon matrix [343]. This composite electrode shows a limited specific capacity of 327 mAh 

g-1 at 0.2 C. To explore a more efficient carbon matrix, a novel hollow porous carbon material 

with an open 3D porous structure was designed to encapsulate Se by a facile melt-diffusion 

treatment [344]. In this case, the Se-HPC electrode displays an initial capacity of up to 872 mAh 

g-1 and retains a high capacity of 464 mAh g-1 at a current density of 0.2C after 100 cycles. Note 

that the proposed mechanism is a direct conversion reaction between Se and K2Se and without a 

complex sequence phase transition of polyselenides. Subsequently, a more highly-effective 

nitrogen-doped carbon sponge was fabricated to accommodate 60% Se [345]. The obtained 

composite exhibits an initial capacity of as high as 604 mAh g-1 and superior cycling stability at 

a current density of 0.5 C. Its capacity maintains 314 mAh g-1 even after 300 cycles. Also, the 

proposed mechanism resembles Se-HPC, in which the reaction only occurred between Se and 

K2Se. 

7. Potassium Oxygen Battery 
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Fig. 23 (a) CV curves of EMITFSI with various salts at 0.025 M concentration on a glassy 

carbon electrode at 100 mV s-1. Reproduced with permission [26]. Copyright 2012, American 

Chemical Society. (b) POB battery using 0.5 M KPF6/DME electrolyte. Reproduced with 

permission [25]. Copyright 2013, American Chemical Society. (c) Molecular structures of KFSI 

and KTFSI. (d) Charge-discharge curves of a POB battery with 1 M KFSI/DME as the 

electrolyte at a current of 50 µA. (e) Mimicking the decomposition behavior of KFSI in the 

presence of KO2. (f) 19F NMR spectra (in D2O) and (g) XRD pattern of the decomposition 

product. (h) A strategy of pre-formation of an artificial SEI on the anode of POB to enhance the 

anode reversibility and maintain the stability of DME based electrolyte in POBs. Reproduced 

with permission [346]. Copyright 2018, Wiley-VCH. Comparison between PIBs based on K-O2 

and K-air (dry) configurations (current at 0.2 mA with a controlled capacity at 0.5 mAh) in (i) 

first charge-discharge curves, (j) cycling stabilities, and (k) round-trip overpotentials. (l) Raman 

spectra of the corroded K in K-O2 configuration (cyan) and K-air (dry) configuration (red) after 

50 cycles. Inset: optical images of corroded K. The round-trip overpotentials in panel k are 

estimated by measuring the half capacity in the discharge-charge processes. Reproduced with 

permission [347]. Copyright 2020, Wiley-VCH. 

Lithium-oxygen battery has been envisaged as the ultimate goal of rechargeable batteries 

owing to its ultra-high theoretical energy density of 3458 Wh kg-1 (Table 1, based on the 

discharge product of Li2O2) [40]. The application and research of lithium-oxygen battery 

chemistry are hindered by the irreversible electrochemistry of Li2O2/O2. Highly reversible 

sodium peroxide (NaO2), and potassium peroxide (KO2) battery were introduced by Wu et al. [25] 
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and Hartmann et al. [348], respectively, in 2013. The high reversibility of O2
- to O2 than that 

from O2
2‑ to O2 originates from the fact that O2

- has a much shorter bond length (1.28-1.33 Å) to 

O2 (1.21 Å) than that of O2
2− (∼1.49 Å) [25]. The stable discharge product of KO2 could be 

explained by the hard and soft acids and bases (HSAB) theory, where the ‘‘softer’’ K+ prefers to 

bind ‘‘soft’’ O2
- to form KO2, whereas the harder Li+ favors interaction with the harder peroxide 

O2
2- [349]. Namely, K+ with lower charge density tends to bond with O2

-, which gives lower 

polarization in the OER/ORR process (Fig. 23a) [26]. Compared with the irreversibility of 

Li2O2/O2 redox couple, the reversibility of one-electron charge-transfer process of KO2/O2 is 

enhanced, which avoids the usage of catalyst in a POB. The voltage gap between charge and 

discharge curves of a POB is only 50 mV (Fig. 23b), indicating a high energy efficiency. KO2 is 

more thermodynamically and kinetically stable than NaO2 [350]. Given the high abundance of 

potassium in the earth’s crust, POB is attractive for energy storage applications. In 2013, Wu et 

al. demonstrated the first POB based on reversible O2/KO2 electrochemistry using a 0.5 M 

KPF6/DME electrolyte at one atm oxygen pressure (Fig. 23b). KO2 is the major discharge 

product and can be reversibly decomposed to K+ and O2 in the charge process. Highly reversible, 

long-cycling life anodes and cathodes are needed to achieve long-cycling POBs. Lu et al. 

demonstrated that dimethyl sulfoxide (DMSO) based electrolyte could increase the reversibility 

of KO2/O2 cathode [351]. On the anode side, the failure of K-metal anode is the primary failure 

mode of POBs [352]. K-metal anode could be passivated by DME solvent molecule and O2 (O2
-) 

molecules. Although the highly reactive K-metal anode can be replaced by alloying anodes [353], 

and organic anodes [50], the output voltage could be compromised somewhat by the high 

depotassiation voltage of these anodes. Solvent- and oxygen-impermeable membrane could help 

reduce the parasitic reactions, thus enabling a high reversible K-metal anode. A solvent- and 
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oxygen- impermeable membrane could be formed on K-metal anode in 1 M KTFSI/DME 

electrolyte [354]. The protection layer was found out to be largely composed of reaction products 

of K metal and KTFSI, along with a small amount of decomposition products from DME. 

Dendrite problem is the other issue facing the anode of POB. Dendrite-free NaK liquid alloy 

dendrite-free anode could enable a cycling life of 620 hours [355]. Another strategy is based on 

the artificial SEI that protects the K-metal anode. Given the high reversible chemistry of K 

platting and stripping in KFSI/DME electrolyte [31], the KFSI/DME electrolyte is worth being 

tried in a POB system. Fig. 23c shows the structures of KFSI and KTFSI. Using KFSI/DME 

based electrolyte, POB fails suddenly (capacity decay and high polarization) after only four 

cycles (Fig. 23d) [346]. To mimic the chemical reaction occurring on the KO2, KO2 was placed 

in KFSI/DME electrolyte. Yellow KO2 was turned into white crystals (Fig. 23e). 19F NMR and 

XRD demonstrate the major reaction product is KF (Fig. 23f and g). The underlying mechanism 

is that the discharge product of O2
- radical is a strong nucleophilic towards many organic 

substrates. KO2 reacts with the weak S-F bond in FSI- releasing F- ions that combined with K+ 

forming KF. Post-mortem analysis shows the accumulation of KF passivates the cathode. In 

stark contrast, KTFSI/DME electrolyte enables stable cycling of a POB due to the high stability 

of TFSI-. The easy cleavage of chemical bonds in the FSI- anion turns out to be a double-edged 

sword. The cleavage of S-F bond favors the formation of stable SEI on K-metal anode. 

Nevertheless, KO2 prefers high bond strength. So, an artificial strategy was used to stabilize both 

the K-metal anode and cathode (Fig. 23h) [346]. K metal anode was first cycled in a KFSI 

electrolyte to form a stable artificial SEI. Then, this artificial SEI protected K-metal anode was 

assembled in a POB. In this way, the advantages of robust SEI derived form the decomposition 

of KFSI, and stable KTFSI toward cathode are combined. The K metal surface can also be 
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protected by reacting K with SbF3 [356]. In this case, the in situ reaction leads to artificial SEI 

with multicomponents of KF, Sb, and KSbxFy. This artificial SEI protects K-metal anode from 

O2 and moisture, which ensures safety. To impedes the O2 cross-over, Wu et al. designed a new 

“reactive-armor strategy” by using freestanding three-dimensional sulfur (S)-doped graphene for 

protecting potassium (K) anodes from the undesired oxygen crossover toward the K-metal anode 

[357]. The dopants in graphene react with oxygen/superoxide species forming anionic 

sulfonate/sulfate that locally promotes the nucleation and growth of KO2. The outer KO2 

anchored on the graphene could prevent O2 from reaching K-metal. The ultimate goal of POB is 

to use air as cathode, while previous studies are limited in using pure oxygen as cathode. Wu et 

al. demonstrated the dried pure-air as the cathode active material of POB [347]. Although KO2 

reacts with water vapor and CO2 to form KHCO3, KO2 is highly stable in dry air. A POB using 

dry air as cathode shows a cycling life of 100 cycles (>500 hours). The discharge voltage of POB 

using dry air as cathode shows only 40 mV (Fig. 23i) less than that of POB using pure O2 as 

cathode due to the lower concentration of 21% O2 in air. Under a capacity-limited (0.5 mAh) 

cycling mode, POB using pure O2 as cathode shows fast capacity decay (Fig. 23j) and high 

polarization (Fig. 23k) after 35 cycles. K corrosion with O2 crossover is the main failure mode of 

POB. Raman spectra shows the main components in a corroded K-metal anode are KO2, KOH, 

and K2CO3 (Fig. 23l). In a POB using dry air as the cathode, the corroded products have lower 

content. On the cathode side, KO2 does not react with dry CO2, so dry-air can be used in a 

practical POB.  

POB, with a theoretical energy density of 935 Wh kg-1, is a promising rechargeable battery 

system for future energy storage applications. POB shows high energy efficiency thanks to the 

high reversibility of the O2/KO2 cathode. POB has potential low-costs compared with Li-O2 
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batteries. The highly reactive and dendrite forming K-metal anode is a major obstacle of POB 

technology, which may cause battery failure and safety issues. Tuning the electrolyte formulation 

and developing oxygen-blocking membranes have shown a significant effect on the overall 

performances of POB. For K-metal anode, the utilization of K under a desiderate capacity needs 

to take into consideration when developing commercialized POBs. 

8. Summary and Perspective 

Rechargeable potassium batteries represent a family of rechargeable batteries using 

potassium as the charge carrier [358], with promising potential in large-scale energy storage. 

This is driven by the low prices of potassium precursors and the low cost of inactive components. 

Importantly, scientific research, development, and future commercialization of rechargeable 

potassium batteries can draw lessons from the well-established lithium-ion battery technologies. 

In this section, we provide a high-level synopsis of what has been accomplished so far and 

propose future directions toward high performance, long-cycling life, low cost, and highly 

efficient rechargeable potassium ion batteries. 

Cathode Materials. The present cathode materials for potassium ion batteries still have 

limited gravimetric/volumetric energy capacities. Designing high-performance cathode materials 

for potassium-ion batteries is more demanding and challenging than that for lithium-ion batteries, 

due to the much larger K+ ion size than Li+. Polyanions show high operation voltage but limited 

capacities. Prussian blue analogues exhibite superior cycling stabilities and high voltage plateaus, 

making them feasible as cathode materials in prototype potassium-ion batteries. The preparation 

of Prussian blue analogues is less demanding than transition metal oxides. However, the density 

of Prussian blue is lower than the transition metal oxides. The thermal stabilities of PB analogues 

also need to be reinforced before successful commercialization. For the transition metal oxide 
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cathodes, the challenges are the lattice deformation induced by K+ ion intercalation, consecutive 

multiple phase transitions due to the K+/vacancy ordering, and solvent intercalation [55]. The 

cathode electrolyte interphase and the interfacial phenomena at the cathode/electrolyte interface 

are also vital and need more in-depth exploration. For the intercalation of K+ ions, transition 

metal oxides with large interlayer spacing are preferred. Based on the experience of amorphous 

carbon anodes, developing amorphous transition metal oxides with large interstitial voids may be 

a new research direction. Organic cathodes usually have low density and large interstitial voids, 

which enable facile K+ ion intercalation pathways. Multifunctional active sites for K+ ion 

adsorption may endow them with high capacities. Due to the versatility and chemical diversity of 

organic cathodes, it is worth trying a more in-depth exploration of efficient organic cathodes, 

such as various polyimides [359]. Anion interaction of graphite offers a new opportunity in 

developing high voltage cathodes for rechargeable potassium dual ion batteries. However, the 

capacity and Coulombic efficiencies are needed to be improved further for practical applications 

in potassium dual ion batteries. 

Carbonaceous Anodes. Alloying and conversion anodes experience considerable volume 

variation and pulverization, while inorganic intercalation anodes have low capacities, 

carbonaceous materials make a compelling case as anode materials in PIB. However, the 

capacity and cycling stability are limited due to the significant volume variation during (de-

)potassiation and the unstable solid electrolyte interphase formed on graphite anode. By tuning 

electrolyte formulations, KFSI/EMC electrolyte [310], and locally concentrated electrolyte 

(KFSI/HFE-DME) [311] enable high reversible cycling performances of graphite anodes. 

However, the capacities of graphite anode in these electrolytes are limited to ~200 mAh g-1. Hard 

carbon and soft carbon anodes are potential candidates for prototype potassium ion batteries. 
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Given the relatively high tap density of hard carbon and soft carbon (around 1.5 cm-3), it is worth 

exploring them as practical anodes in potassium ion batteries. The relatively low capacity (< 300 

mAh g-1) is a limitation for hard carbons and soft carbons. The intrinsic K+ ion storage 

mechanism of these disordered carbons should be explored in detail to design high capacity hard 

carbons and soft carbons. Combined intercalation and adsorption mechanisms could be 

employed to create carbonaceous anodes with high capacities. Heteroatom doping could enhance 

the reversible adsorption capacities of amorphous carbons. Nevertheless, the doping levels in 

hard carbons and soft carbons are limited due to their high annealing temperatures (>1000 oC). 

Heteroatom doped carbons prepared low-temperatures show high capacities. However, the 

morphologies of these carbons are usually sheet- or graphene-like, which results in the low tap 

densities of these materials and limits their volumetric capacities. Future development of 

carbonaceous anodes should also focus on improving the tap density. High-density carbons with 

enhanced volumetric capacities are crucial. At present, most of the current carbonaceous 

materials show low initial Coulombic efficiencies (20-50%), which may be caused by the solid-

state interphase formation and irreversible trapping K+ ions in the graphitic lattice [30]. The low 

initial Coulombic efficiencies is another limitation of carbonaceous anodes, carbons with high 

initial Coulombic efficiencies and volumetric capacities are desirable for commercialization. 

Besides architecture design, mechanism study, and interface engineering, we also desiderate high 

throughput, large-scale production strategies for the future development of rechargeable 

potassium ion batteries, such as direct pyrolysis pitch and easily accessible biomasses. 

Electrolyte Engineering. Optimation of electrolyte chemistry could help build robust solid 

electrolyte interphase on anode that is chemically and electrochemically stable in the operating 

voltage window and able to suppress side reactions, such as exfoliation [360]. By tuning 
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electrolyte formulations, some prominent achievements have been achieved for enhancing the 

cycling stability of alloying, intercalation, and conversion anodes of potassium ion batteries. 

Electrolytes modulate the compositions of solid electrolyte interphases and the interaction 

between the electrolyte and active materials [361]. Investigation of stable solid electrolyte 

interphases in potassium ion batteries are critical for achieving highly stable anodes. Considering 

the substantial volume changes of anodes for potassium ion batteries compared to sodium-ion 

batteries and lithium ion batteries, it is quite essential to design robust solid electrolyte interphase 

on these anodes. Alloying and conversion anodes experience huge volume variation and active 

materials pulverization during repeated (de-)potassiation, which leads to a subsequent loss of 

electrical contact among active material particles and capacity fading. Robust solid electrolyte 

interphases on these anodes could enable the active materials to be trapped in, which gives rise to 

stable cycling performance. Polymer electrolytes are potential candidates because of their 

excellent mechanical properties and easy processing. It is also of significance to design polymer 

electrolytes to allow both a reversible K-metal plating/stripping and stable electrode/electrolyte 

interface [137]. K+ ion-containing high concentrated organic electrolytes [362], and aqueous 

electrolytes (e.g., 30 M KAc in water [362], and 22 M KCF3SO3 in water [51]) show wide 

voltage windows compared with dilute ones, which could endow high voltage potassium ion 

battery chemistries. Electrolyte additives may also have a significant influence on anode 

performance, as observed in sodium-ion batteries [9]. Given the experience in lithium-ion 

batteries, KNO3 [363,364], and other organic additives [365] may help enhance the interfacial 

stability of K metal anode.  

Potassium Ion Capacitors. A significant advantage of the potassium ion capacitor is that the 

capacity of porous carbon cathode is not limited by the large K+ ion size. However, at present, 
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porous carbon cathodes have not been sufficiently investigated. The structure-performance 

relationship, the interaction between porous carbon and electrolyte, the parasitic reactions, and 

the long-term cycling stabilities need to be explored. Potassium ion capacitors show comparable 

advantages with their predecessors (sodium ion capacitors and potassium ion capacitors). The 

18650-type and pouch cell potassium ion capacitor prototypes have demonstrated improved 

energy and power advantages over commercial electric double-layer capacitors [35]. The future 

development of the potassium ion capacitor should focus on further enhancing the energy density, 

power density, and practical electric performances of prototypes. 

Potassium Sulfur Battery. Sulfur cathode experiences a higher volume variation upon 

potassiation than lithiation, which results in the pulverization and degraded electrode 

performance. Confinement of sulfur molecules is still the most popular way to alleviate this 

volume variation and enhance the utilization of sulfur. Various polar materials (oxides, sulfides, 

phosphides, and nitrides), as electrocatalysts, may help immobilize the soluble polysulfides. 

Electrocatalysts help transform soluble polysulfides to insoluble K2S, which shortens the 

retention time of polysulfides in potassium sulfur battery. The behavior of K-metal anode is less 

explored compared with Li and Na. The K/electrolyte interface and solid electrolyte interphase 

compositions need to be explored in-depth to achieve a dendrite-free K-metal anode. In this 

regard, some K-specialized electrolytes could be developed to attain stable solid electrolyte 

interphase and low solubility of potassium polysulfides [366].  

Potassium Oxygen Battery. Potassium oxygen battery is promising for future practical 

development due to its high theoretical energy density of 935 Wh kg-1. Nevertheless, the 

investigation of the potassium oxygen battery is in its infancy. Stable electrolyte composition and 

inhibition of O2 crossover to the K-metal anode are pivotal in the development of practical 
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potassium oxygen batteries. On the anode side, homogenous distribution of electrons and ions is 

simultaneously required with the surface-protected K+-permeable, O2 impermeable membranes 

[367]. Another choice is replacing K metal anode with anodes possessing low (de-)potassiation 

potentials, such as graphite [368]. These anodes are less vulnerable to oxygen molecules. On the 

cathode side, although oxygen reduction/oxidation reaction catalysis is unnecessary for the 

oxygen cathode of a potassium oxygen battery, the compatibility of KO2 with electrolyte is also a 

priority due to the nucleophilic nature of O2
-.  

Performance of Full Cell. Considering the state-of-art rechargeable battery technologies, 

RPBs are promising electrochemical energy storage technologies for the future. A full cell 

fabrication is always necessary for commercialization. Although some research reported full 

cells (carbon//PTCDA [53], Bi//PB [49], and carbon//carbon [327]), the energy densities, which 

are overvalued, are usually based on the active materials of cathode and anode. The energy 

density of future rechargeable potassium batteries should be reported based on the total active 

materials and inactive components of full cells [35]. In that case, the capacity of K-metal anodes 

in potassium oxygen batteries and potassium sulfur batteries should be constrained based on the 

cathode capacity. The electrochemical behaviors of cathode and anode (including capacity 

balance, utilization, and electrolyte compatibility) of rechargeable potassium batteries need to be 

explored in-depth. The electrolyte compatibility between the cathode and anode turns out to be a 

significant factor. One example is the electrolyte compatibility between K-metal anode and 

oxygen cathode [346]. On the one hand, the energy density of rechargeable potassium batteries is 

not that important since rechargeable potassium batteries are deemed to be used in large-scale 

stationary energy storage. On the other hand, lead-acid batteries and nickel-based batteries have 

energy densities around 40 Wh kg-1, given the low cost of these commercialized batteries, 
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competitive prototype rechargeable potassium batteries need to have an energy density of above 

100 Wh kg-1 comparable to sodium-ion batteries [8]. Furthermore, the performance/cost ratios of 

rechargeable potassium batteries need to be comparable to lead- and nickel-based batteries. Once 

this performance/cost goal is achieved, rechargeable potassium batteries become more credible 

candidates for stationary energy storage.  

Mechanistic Studies and Modeling. Due to the less extensive knowledge about K+ ion 

battery chemistry, more studies are needed on the mechanism that underpins the observed 

electrochemical behaviors in rechargeable potassium batteries. Notably, the inherent differences 

in physicochemical properties of Li+, Na+, and K+ need to be taken into consideration. The 

interactions between host materials, electrolytes, and binders should be more carefully studied. 

Interfacial phenomena and solid electrolyte interphase components need to be characterized at 

molecular scale to understand the fundamental aspects of solid electrolyte interphase formation 

in the rechargeable potassium battery systems. In this regard, first-principle calculations could 

help obtain a deep understanding of the interaction between K+ ions and the host materials, the 

solvation and desolvation between K+ ions and solvents, and the diffusion kinetics and pathways 

of K+ in the host materials. First-principle calculations could also be employed to discover new 

electrode materials. In conjunction with in situ and synchrotron characterizations, the phase 

transition and volume variation during charge-discharge could be revealed. For electrolyte 

optimization, theoretical density functional theory calculations could help determine the 

solvation energy of various electrolyte formulations [360]. First-principles molecular dynamics 

simulations could also be applied to simulate the solvation structure and dynamics. On the full-

cell scale, multiscale simulations could help us understand the operation behaviors of 
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rechargeable potassium batteries, such as thermal runaway [369], and prediction of the state of 

charge and state of health.  

While rechargeable potassium batteries are receiving increasing attention by the research 

community of rechargeable batteries, the commercialization of rechargeable potassium batteries 

is still difficult due to many unresolved issues discussed above. Increased understanding of the 

fundamental mechanism, progresses in nanomaterial design, nanoscale characterization, and 

powerful modeling capabilities in the past few years could accelerate the pace of progress 

compared to the early days of lithium-ion battery development. Besides, rechargeable potassium 

batteries can, in principle, inherit the product lines of LIBs thanks to the similarities in 

manufacturing technologies, which means that once appropriate prototypes are identified and 

proven, scale-up could be readily accomplished. 
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