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Abstract: Lithium shortage and growing demand for electricity storage encourage researchers 

to look for new alternative energy storage materials. Due to the abundant potassium resources, 

similar redox potential to lithium metal and low cost, potassium ion batteries (PIBs), as one of 

the promising alternatives, are applied in energy storage research recently. However, PIBs do 

not have adequate competition in their electrochemical efficiency because the molar volume 

of potassium ions is higher than those in lithium and sodium ions. Therefore, for the better 

application and development of PIBs, finding suitable anode and cathode materials becomes 

the most important task currently. The latest developments in electrode materials for PIBs 

have been outlined in depth in this review. It focuses on novel electrode material structure 

design and synthesis methods, ingenious optimization and tuning strategies, and the 

explanation of intrinsic reaction mechanism. The effects of organic electrolytes and aqueous 

electrolytes on battery systems are compared and clarified. Finally, theoretical and viable 

insight is given to the challenges posed by the creation and practical application of PIBs in 

future. 
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1. Introduction 

The greenhouse effect emissions caused by unsustainable deforestation and fossil-fuel 

consumption have become a major problem for the planet at present.[1] Although some clean 

and renewable energy (sunlight, wind, solar, tidal energy, etc.) play an undeniable role in 

regulating greenhouse gas emissions, environmental problems have not been greatly improved 

because of climate and geographical restrictions.[2] Fortunately, in the 1990s, the emergence 

and commercial production of lithium-ion batteries (LIBs) brought people dawn. LIBs 

dominated mobile electronic devices and electric cars (EVs) at the beginning of the 21st 

century in particular with their high energy density, cycle reliability, long-cycle life and an 

environmentally friendly standard.[2-3] As shown in Figure 1a, the demand for lithium 

resources in the last decade is rising with the constantly evolving evolutions of electronic 

devices, electronic systems and large-scale energy storage systems (ESS).[4] The large global 

consumption of lithium resources also increases the costs of LIBs' growth. Besides, according 

to previous statistics, the production of 1 kWh of LIB produces about 75 kg of carbon dioxide 

emissions, while the production of 1 kWh of electricity from coal products produces only 1 kg 

of carbon dioxide.[5] This means that after a few hundred cycles LIBs will have environmental 

advantages.[5] In addition, high cost and safety issues from organic electrolytes and electrode 

materials have also hampered the further development of LIBs.[6] Consequently, it is crucial to 

find a new alternative ESS in the post-LIBs era. 

Recently, the interest of many researchers has come from alternative metal ion batteries 

focused on other rare earth metals including Na, K, Zn, Mg, Al and Ca. Among them, sodium 

ion batteries (SIBs) are originally considered to be the alternative to LIBs because of sodium 

is the fourth most abundant element on the earth and has similar physical and chemical 

properties to lithium ions.[7] However, SIBs exposed some shortcomings in practical 

development process：(i) the large radius of Na+ (1.02 Å) caused a structural change of the 

electrode material during the insertion/extraction process of Na+, thereby resulting in rapid 

capacity decay; (ii) the low operation approximately 0.3 V vs. Li; (iii) only a small amount of 

sodium ions can be inserted into the commercialized graphite layer at normal temperature and 

pressure so that the capacity is only 35 mAh g-1, which seriously hinders and limits the further 

development of the SIBs. In addition, zinc ion batteries (ZIBs) are also highly sought-after by 

the vast majority of researchers for their high theoretical capacity, high safety, high abundance 

and environmental friendliness.[8, 9] Nevertheless, in order to incorporate ZIBs in operation in 

the future, there still are many challenges and bottlenecks to be solved. For example, (i) the 

limited cycle stability in the depth charging/discharging; (ii) hydrogen evolution and zinc 



  

3 

 

corrosion; (iii) morphologic and structural changes caused by hydrated zinc ions; (iv) the 

electrochemically stable potential window of conventional electrolytes is low. Moreover, there 

is still a long way to go for other magnesium, aluminium and calcium ion-batteries that are 

still in the early stages of research. Compared with other metal batteries, potassium ion 

batteries (PIBs) occupy some unique advantages and become more research-worthy 

alternatives.[10] For instance, (i) the standard potential of K+/K (-2.93 V vs. SHE) close to 

Li+/Li (-3.04 V vs. SHE), which helps to increase the working potential and energy density 

(Figure 1c); (ii) potassium element is naturally abundant (2.10 wt%) and low price (Figure 

1d); (iii) fast ionic conductivity and high power benefit from the small solvated potassium 

ions; (iv) low desolvation energy in the liquid electrolytes; (v) graphite anode material could 

deliver a  high theoretical capacity of 279 mAh g-1 in PIBs (Figure 1b), and it has a higher 

plateau voltage (0.23 V vs. K+/K), which is higher than that of lithium in graphite (0.1 V vs. 

Li+/Li). This not only greatly reduces the risk of metal plating/stripping, but also provides a 

novel method to circumvent the safety issues associated with the growth of lithium metal 

dendrites at low voltages in LIB. More significantly, like LIBs, the anode and cathode 

materials of PIBs both use the topotactic intercalation chemistry for charge storage, similar to 

a "rocking chair" mechanism.[11] These inbuilt advantages make PIBs a promising alternative 

to LIBs. Nevertheless, the main challenge faced with PIBs is the low reaction kinetics resulted 

from the large-sized K+.[12] During the charging and discharging process, the microstructure of 

the electrical anode material is easily destroyed and eventually results in poor cycle stability. 

[12, 13] In addition, the other trouble is the low initial Coulomb efficiency[14], which is mainly 

caused by the irreversible decomposition of the electrolyte, the large volume change during 

the potassiation/depotassiation and other side reactions. Fortunately, researchers have made 

great efforts in addressing these problems and achieved great progress. 

In this review, we mainly compare and summarize the research on PIBs in the past three 

years. The focus is to summarize the representative strategies mentioned in the published 

articles for some problems in the PIB system (e.g., low initial Coulomb efficiency, poor 

potassium ion reaction kinetics, volume changes, etc.). Concretely, there are three sections 

that provide a comprehensive overview of PIBs (Figure 2). The Sections 1 and 2 discuss and 

summarize the excellent anode and cathode materials used in PIB, respectively. It focuses on 

novel material structure design and synthesis methods, ingenious optimization and tuning 

strategies, and the study of intrinsic reaction mechanism. The Section 3 mainly summarizes 

the current different types of electrolytes. The influencing mechanisms of organic electrolytes 

(ethers, lipids) and aqueous electrolytes on battery systems are compared and clarified. 
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Finally, we summarize the various components of the PIB system, and discussed the 

challenges that PIBs will encounter in the future development and the problems that need to 

be solved urgently.  

2. Anode Materials 

2.1 Carbon-based materials 

The use of graphite anode materials in LIBs is established and the theoretical capacity of 

about 372 mAh g-1 is known to reversibly intercalating lithium through the formation of 

intercalative graphitic compounds (GICs, LiC6), providing a remarkable stability.[15-17] 

Similarly, for PIBs, graphite anode not only delivers a high theoretical capacity of 279 mAh 

g−1 by forming GICs (KC8) but also displays a low (de)potassiation voltage.[18] However, due 

to the large radius of K+, volume expansion during the potassiation process leads to structural 

damage, and thus the capacity is rapidly lost.[12, 19] In order to solve this problem, the 

researchers have implemented some change strategies and improved methods. In this section, 

we summarize the recent improvements in anode materials for various carbon-based 

materials, with an emphasis on the researchers' strategy for modification and good 

electrochemical performance (Table 1). 

2.1.1 Graphitic Carbon 

The first investigation about the electrochemical potassium insertion into graphite was 

reported by the group of Ji.[18] Because of the graphites' d-space value of 3.5 Å and the K+ 

radius of 1.38 Å, during the (de)potassiation a large volume expansion could exceed 60%, 

which leads to low initial coulomb efficiency of graphite anode and terrible PIBs 

performance. Then, Feng et al.[20] used commercial expanded graphite (Figure 3a) as the 

anode material of PIBs. It found that enlarged interlayers of expanded graphite effectively 

alleviated the volume expansion and promoted the ion diffusion coefficient, showing good 

rate performance and cycle stability compared with graphite. In particular, there was no 

significant attenuation of the capacity after 500 cycles at a current density of  200 mA g-1, and 

the reversible capacity reached 170 mAh g−1 with a coulombic efficiency of 100% (Figure 3f). 

In addition, Qian et al.[21] used water to induce the synthesis (Figure 3b) of highly-oriented 

mesoporous graphitic carbon nanospring (Figure 3d) and applied it to the rapid storage of K+. 

They found that this high-oriented mesoporous nanospring structure not only provides 

abundant sites to K-storage but also reduces the migration paths of K+, and the architecture of 

nanospring can alleviate huge volume strain. As a result, the product showed a specific 

capacity (361.7 mAh g-1) at 50 mA g-1 after 100 cycles with loss of 33.1% compared with 

initial capacity, and displayed a long-term cycling stability of more than 10000 cycles (Figure 
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3h). Similarly, Song[22] reported that graphitic carbon with nanocage-like structure (Figure 3e) 

shows outstanding cyclability and a much better depotassiation capacity of 175 mAh g−1 with 

high capacity retention of 79% at 35 C (Figure 3g). The graphitic carbon nanocage not only 

accommodates the strain relaxation during K+ (de)intercalation but also has fast electron 

transfer capability (Figure 3c). In short, these studies show that the structural deformation 

caused by the (de)intercalation of K+ is buffered by the design and control of the structure of 

the graphitic carbon, thus increasing capacity and cycle stability of PIBs.  

2.1.2 Soft Carbon and Hard Carbon  

Soft carbon and hard carbon, the non-graphitic carbon, are also widely used in anode 

materials for PIBs. Mai et al.[23] fabricated a new-type soft carbon with a polycrystalline semi-

hollow microrods structure (Figure 4a), which not only delivers a reversible capacity of 172 

mAh g−1 after 500 cycles (retention: 80%) at 500 mA g-1 but also exhibits potential 

application prospects as potassium-ion full batteries (PIFB). The outstanding electrochemistry 

performances benefit from the unique structure would provide more active sites and adequate 

transmission space for K+ (Figure 4i). Qiu et al.[24] designed an ordered MgO template  system 

for preparing N-doped soft carbon cluster with an expanded interlayer gap (Figure 4d). When 

the unique N-doped soft carbon clusters as the anode for PIBs, it delivers a high capacity of 

293 mAh g−1 at 0.05 A g−1 and 151 mAh g−1 at 5 A g−1, and retains a specific capacity of 165 

mAh g−1 after 500 cycles at 1 A g−1 (Figure 4c). On the other hand, Xie et al.[25] firstly 

explored a hierarchically porous nitrogen-doped hard carbon microsphere obtained by using a 

natural polymer (chitin) as raw material (Figure 4b), the unique structure enhances K+ 

adsorption capability and electronic/ionic conductivities so that the nitrogen-rich hard carbon 

demonstrates ultralong cycle life of 4000 cycles without obvious capacity decay (Figure 4e). 

Furthermore, Wu et al.[26] synthesized the nitrogen and sulfur double-doped hardened carbon 

material with abundant defect sites, pores and functional groups. As illustrated in Figures 4f 

and g, the reversible capacities of 213.7 and 144.9 mAh g-1 over the 500 cycles at 0.1 A g-1 

and 1200 cycles at 3 A g-1 are obtained for PIBs, respectively. And recently, Kim and co-

workers[27] revealed that the storage mechanisms of potassium-ion in hard carbon is based on 

the adsorption of ions on the surface of the active site (defects, edges, and residual 

heteroatoms) in the inclined voltage region, and then embedded in the graphite layer in the 

low-voltage plateau region. In addition, Ji et al.[28] recorded the high-capacity and stable long-

term cycling life of a hard-soft composite carbon as anode material of PIBs. In summary, the 

above studies show that the introduction of active sites by doping elements and designing 

novel structures can effectively improve the applicability of carbon materials and at the same 
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time increase the potassiation capacity and lifetime of PIBs. 

2.1.3 Graphene and Other Carbon Materials 

In recent years, graphene has received considerable attention by many researchers in 

terms of energy storage and catalysis due to its special properties.[29-32] Qian et al.[33] reported 

few-layer nitrogen-doped graphene with highly reversible potassium storage (150 mAh g-1 at 

500 mA g-1 after 500 cycles). The excellent results have been attributed to the synergistic 

effects of nitrogen doping (14.68 at%), high specific surface area (479.21 m2g−1), 

interconnected mesopores with large pore volume. Simon et al.[34] designed a 3D reduced 

graphene oxide (rGO) aerogel, achieving a high capacity of 267 mAh g-1 after 100 cycles at 

C/3 with a retention of 78%. Xu et al.[35] also reported an optimized-rGO material, which has 

a moderate amount of surface defects, large interlayer spacing, and relatively high electrical 

conductivity. Impressively, as the Figure 5b shows, the optimized-rGO can deliver much 

higher K-storage capacity (171 mAh g-1 at 0.1C) at a low temperature of ‒40°C when 

comparing to that of Li and Na-storage capacities. The author was also demonstrating 

apparent advantages of optimized rGO as compared to graphite, hard carbon and GO at room 

and low temperatures (Figure 5a and c). Besides, Prof. Zhu[36] obtained a nanofiber foam with 

ultra-high compression properties and multi-stage pores by directly pyrolyzing the 

inexpensive biomass material-bacterial cellulose. The carbon nanofiber foam can be directly 

applied as a self-supporting electrode to PIBs, and exhibits excellent rate performance (Figure 

4h) and ultra-long cycle stability, co-circulating 4500 cycles at current densities of 1, 2 and 5 

A g-1, respectively (Figure 4j). They attributed this excellent potassium storage property to the 

multi-stage pores on carbon nanofibers, which strongly adsorbed potassium ions. 

Furthermore, Xu et al.[37]synthesized a free-standing nitrogen-doped cup-stacked carbon 

nanotube mats whose special edge-opening structure allows K+ ions to be easily inserted into 

the carbon nanotubes. The novel electrode material not only eliminates the use of nonactive 

components of binders and conductive agents as anodes but also delivers a significantly 

improved rate capability of 75 mAh g-1 at 1 A g-1. In addition to the above examples, there are 

many similar studies. Significantly, through these studies, we can conclude that the capacity 

of PIBs can be increased and the life can be expanded by designing or changing the 

morphology structure and controlling the active sites on the surface of structure, so that the 

practical application of PIBs can be further improved. 

2.2 Alloy-based materials 

Compared with carbon-based materials, as we all know, alloy-based materials have 
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attracted more attention for PIBs because of its high theoretical capacity and reversibility.[38-

40] For example, phosphorus (P), Tin (Sn), Germanium (Ge), antimony (Sb), silicon (Si), and 

Bismuth (Bi) are extensively studied and applied to PIBs anodes. In this part, we will 

summarize the latest research progress of this kind of materials, and the focus is still on the 

design methods and tuning strategies of materials (Table 1). 

2.2.1 P anodes 

Phosphorus (P) primarily occurs in three types in nature, white P, black P and red P. In 

electrode materials research, red P and black P are commonly used, especially in PIBs, P not 

only has low redox potentials but also can form rich potassium phosphide polymorphs and 

carry a high theoretical capacity of 865 mAh g-1 (KP).[12, 41-43] For the first time, Zhang et 

al.[43] tried to apply the P/C composite obtained by ball milling to the anode of PIBs, although 

it can produce a relatively high capacity, the attenuation is too fast and it is difficult to meet 

people's expectations. Thereafter, Sultan et al.[44] also prepared a nanocomposite anode with 

black P as the main active component by ball milling, when used in PIBs, the capacity of 617 

mAh g-1 can be released in the first cycle. But unfortunately, rapid recession of capacity is still 

a problem to face. Thus, Xu et al.[45] designed and synthesized a novel nanocomposite anode 

material, anchoring red P nanoparticles on a 3D carbon nanosheet framework. As Figure 5e 

shown, the nanocomposite exhibits excellent electrochemical performance with a high 

reversible capacity of 655 mAh g-1 at 100 mA g-1 and a pretty high capacity of 323.7 mAh g-1 

at 2000 mA g-1. Through theoretical calculations and other test analysis, the reaction 

mechanism is expressed as P + K+ + e−→KP, corresponding to a potassium storage capacity of 

843 mAh g−1 (Figure 5f). Additionally, Liu et al.[46] firstly confined phosphorus to carbon 

nanotube-backboned mesoporous carbon (TBMC) material. The P@TBMC, as an anode of 

PIBs, exhibits a stable capacity of 244 mAh g−1 after 200 cycles at 0.5 A g−1 (Figure 5g). In 

addition to enabling electron-transfer rapidly, they found that this unique structure and 

composition of a composite also gives enough room to minimize enormous volume changes 

during the potassiation process. To sum up, researchers use these methods to optimize the 

performance of PIBs: (i) designing a unique architecture or morphology (such as 2D 

nanosheets, 3D porous materials); (ii) combining with carbon-based materials such as 

graphene, graphite, carbon nanotubes. 

2.2.2 Sn-based anodes 

Sn has always been an important anode material in LIBs and SIBs due to its high 

theoretical capacity (990 mAh g−1 in LIBs and 847 mAh g−1 in SIBs), environmental 
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friendliness, abundant reserves and low prices.[47-53] However, since the radius of K+ is larger 

than that of Li+ and Na+, the volume change caused by Sn in the alloying reaction 

(Sn↔KSn4↔KSn2↔KSn↔K2Sn) is much larger than that in Li/Na ion batteries, resulting in 

rapid capacity attenuation.[54, 55] In order to address the problem of volume expansion, Huang 

et al.[56] synthesized 3D hierarchically porous carbon/Sn composites via in-situ generated 

NaCl crystals as templates (Figure 6a). As shown in Figure 6b, the composites had large 

specific surface area and the Sn nanoparticles homogeneously embedded in 3D hierarchically 

porous carbon shells. As an anode electrode of PIBs, it demonstrated a high reversible 

capacity of 276.4 mAh g-1 after 100 cycles at 50 mA g-1 with coulombic efficiency of over 

96% (Figure 6c). In addition, from the previous part, we know that the theoretical capacity of 

P is high and has excellent performance. Therefore, Guo et al.[43] first studied Sn4P3/C as the 

anode of PIBs, which can deliver a reversible capacity of 384.8 mAh g−1 at 50 mA g−1. 

Significantly, they proposed a possible reaction mechanism of the Sn4P3/C composite as PIB 

anode in Figure 6d. Then, they confined Sn4P3 in N-doped carbon fibers,[42] and this one 

dimensional carbon fiber can effectively relieve the volume expansion. As a result, the cycle 

stability and high rate capacity (160.7 mAh g-1 after 1000 cycles at 500 mA g-1) are 

significantly improved. Moreover, Ci and co-workers[57] reported that the hierarchically 

porous carbon supported Sn4P3@C composite displayed pretty good rate performance and 

maintained a high reversible capacity of 181.5 mAh g-1 after 800 cycles at 0.5 A g-1 (Figure 

6e). Besides, Zhao et al.[58] synthesized SnP0.94 nanoplates/GO composite through a facile hot-

injection method (Figure 6f). The composite releases high capacity of 245, 190 and 162 mAh 

g-1 at the current density of 25, 50 and 100 mA g-1 (Figure 6g), respectively. These excellent 

electrochemical properties are attributed to the advantages of GO thin plate to buffer volume 

change, accelerate charge transfer and reduce the contact between SnP0.94 and electrolyte. In 

summary, the optimized Sn-based anodes can be used to enhance and promote the 

electrochemical performance of PIBs by complexing with different carbon-based compounds 

(such as carbon, graphite, graphene, etc.). 

2.2.3 Sb-based anodes 

Like Sn metal, Sb is also widely applied to PIBs because of its high theoretical capacities 

(660 mAh g-1 corresponding to K3Sb) and low reaction potential, but at the same time, it 

suffers from a series of problems due to volume expansion. Lu[59] reported a composite of Sb 

interspersed graphite, which had been prepared in commercial graphite layers by ultrasonic 

ball milling by means of the embedding of the Sb-cluster. Based the novel structure, the Sb-

graphite composites (Sb7@G3) accommodated the volume change and degeneration 
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phenomenon, achieving an outstanding rate performance of 238 mAh g-1 2 A g-1 (Figure 7a). 

Furthermore, they obtained the charge and discharge behavior of Sb7@G3 by in-situ X-ray 

diffraction (XRD) test, namely, Sb↔KSb↔K3Sb (Figure 7b and c). Han et al.[60] designed a 

one-step solvothermal “metathesis” reaction to fabricate Sb nanocrystals embedded ultrathin 

carbon nanosheets, which delivers a high stable capacity of 247 mAh g-1 after 600 cycles at 

0.2 A g-1 and exhibits outstanding rate performance (Figure 7d-f). In addition, Cheng et al.[61] 

used Sb-MOFs as precursors to embed Sb nanoparticles into porous carbon networks by 

carbonization, achieving a high capacity of 497 mAh g-1 at 100 mA g-1 over 100 cycles 

(capacity decay of only 0.054% per cycle). And Zhang[62] reported a novel anode material that 

introduce Sb nanoparticles in nitrogen and phosphorus co-doped mesoporous carbon 

nanofibers  as shown in Figure 7g, the composites can retain a capacity of 130 mAh g-1 after 

1500 cycles at 1 A g-1 (Figure 7h). In addition, Sb-carbon microspheres obtained by 

reasonable design combined with graphene sheets have also been proved to have excellent 

rate capabilities.[63] In a word, to tackle the issue of Sb-based anodes, designing and 

optimizing the structure of the material is the key. For example, (i) the size of the anode 

material is reduced to the nanometer scale, (ii) combining with the carbon-based or modified 

carbon-based composite (nanoparticles, hollow spheres, nanotubes, porous carbon and 

nanosheets, etc.), (iii) increasing the active site on the surface of the material. These strategies 

enable the composite to accommodate Sb volume changes, promote rapid electron/ion 

diffusion, and inhibit some interfacial reactions that occur in direct contact with the 

electrolyte during discharge/charge, resulting in excellent electrochemical performance for 

PIBs. 

2.2.4 Bi-based anodes 

Bi was also researched for potassium storage. Similarly, the negative consequences of 

volume changes remain a problem that is difficult for researchers. Zhang et al.[64] recently 

reported the use of commercial Bi particles as anode materials to store potassium ions, and the 

study found that the material electrode can form a stable solid electrolyte interface in the 

ether-based electrolyte system, thus making the Bi electrode exhibit high capacity and stable 

cycling performance. In particular, they further studied the reaction mechanism of the Bi 

electrodes in the charging/discharging progress (Bi↔KBi2↔K3Bi2↔K3Bi) by in-situ XRD 

characterization and proved that the reaction is a reversible, stepwise alloying reaction 

(Figure 8e and f). Yang et al.[65] designed and synthesized a multicore-shell structured Bi@N-

doped carbon anode for PIBs as shown in Figure 8a and b. The unique structure does not only 

effectively alleviate the volume expansion of the Bi during the (de)potassiation, but also the 
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doping of N enhances the conductivity and enriches the active site of the material. Thus, 

Bi@N-doped carbon nanospheres displayed unexpectedly high rate performance and stability 

(203 mAh g−1 after 1000 cycles at 10 A g−1) in Figure 8h. Moreover, Su et al.[66] directly 

annealed the prepared precursor Bi-MOFs to obtain a new type of ultra-thin carbon 

film@carbon nanorod@Bi nanoparticle (Figure 8c and d). The outermost carbon film 

effectively absorbs the solid electrolyte interphase (SEI) film into itself, minimizing the direct 

contact of Bi with the electrolyte, as well as alleviating volume expansion throughout 

reaction. Based on these advantages, the composites exhibited excellent capacity (425 mAh 

g−1 at 100 mA g−1) and delivered a specific capacity of 121 mAh g−1 at high current density of 

1 A g−1 over 700 cycles (Figure 8i and j). Additionally, Tian et al.[67] also provided a method 

for growing Bi on MXene paper by a simple one-step electrodeposition process to improve 

the performance of the PIBs. Through these reports, we conclude that by changing the 

microstructure of the material and regulating the size of Bi, the problem caused by volume 

expansion can be effectively solved. 

2.2.5 Other alloy-based anodes 

In addition to some of the alloy-based anode materials mentioned above, Ge- and Si-

based materials have also been studied for application in PIBs. For example, Yang et al.[68] 

synthesized nanoporous-Ge by the chemical-dealloying method using Al as the sacrificial 

metal, which shows a stable capacity of 120 mAh g−1 at 20 mA g−1 over 400 cycles. For 

another, Lee and co-workers[69] found that amorphous Si is a desirable material for storing 

potassium ions, which can contribute up to a capacity of 1049 mAh g−1. Further analysis has 

shown that amorphous silicon can easily diffuse K+ through low electrostatic attractions 

between K and Si, high ion concentrations in the carrier, and the formation during potassiation 

of isolated Si clusters. All in all, although Ge and Si still have great obstacles in PIBs, the 

nanocrystallization or amorphization of metal particles is undoubtedly a method to effectively 

improve electrochemical performance. 

2.3 Metal-chalcogenide and -Oxides anodes 

Metal-chalcogenides (sulfides, selenides) and -oxides, which are widely used in LIBs 

and SIBs, have excellent electron-conducting ability, high theoretical capacity and a rich 

redox chemistry.[4, 7, 70-75] Therefore, the study of metal-chalcogenide and -oxides storage of 

potassium ions is necessary for the development of PIBs. However, these materials still have 

diseases of volume expansion and low initial coulombic efficiency, among which the factors 

causing the initial coulombic inefficiency come from many aspects.[13] Next, this part will 
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combine some recent research to summarize optimization methods and improvement 

strategies (Table 1). 

2.3.1 Sulfides anodes 

Recently, Guo and co-workers[76] obtained CoS@Graphene composites by anchoring 

CoS nanoclusters on graphene nanosheets (Figure 9a and b), this unique structure had 

advantages of more larger surface area, higher conductivity as well as more stable structural 

stability. When the composite was investigated an anode for PIBs it can contribute a 

reversible capacity of 434.5 mAh g−1 at 0.5 C. Yang et al.[77] attempted to synthesize 

nitrogen/carbon dual-doped hierarchical NiS2, because of introduction of nitrogen and carbon, 

the composite revealed more rapidly transfer of K+ and outstanding electronic conductivity. 

More significantly, it can effectively alleviate the volume change during the (de)potassiation. 

Based on above report, Mai et al.[78] designed a bimetallic-sulfide (NiCo2.5S4 microrods) 

derived from MOF, then wrapped it in reduced graphene oxide. As presented in Figure 9d, the 

NiCo2.5S4@RGO exhibited ultralong cycle life (495 mAh g-1 at 0.2 A g-1 over 314 days) and 

demonstrated high initial coulomb efficiency of 78% in organic electrolyte system. Besides, 

iron-based sulfides are also a class of potential anode materials of PIBs. Guan[79] reported a 

2D FeS2-carbon architecture, which obtained by porous FeS2 NPs were firstly distributed on 

rGO matrix and then applied a layer of carbon to the surface. In addition to excellent sodium 

ion battery performance, this material also exhibits outstanding potassium storage capacity (a 

superior rate capacity of 298 mAh g-1 at 2 A g-1, Figure 9e). Yu et al.[80] designed and 

synthesized a 3D iron sulfide/carbon hybrid cluster, obtaining a high capacity of 226 mAh g-1 

at 0.1 A g-1. And Zhao et al.[81] engineered a novel multi-layer architecture of FeS2@C hybrids 

(Figure 9g), which exhibited stable cycle ability (295 mAh g-1 after 150 cycles at 1 A g-1). 

Besides, Wan[82] reported a highly resilient electrode film of SnS2/graphene nanocomposite. 

Different from the past, they used aluminum as the current collector to obtain a strong anode 

film with high peel strength, which slowed down the electrode damage during the 

(de)potassiumization process, thus showing excellent cycle performance and rate 

performance. Mao et al.[83] anchored ReS2 nanosheets onto nitrogen doped carbon nanofibers 

to synthesized a flexible ReS2/nitrogen doped carbon nanofibers paper. The novel material not 

only displays good electrical conductivity, but also the doped nitrogen could absorb sulfur and 

polysulfide produced in the reaction, so its potassium storage capacity was much better than 

pure ReS2.   

2.3.2 Selenides anodes 
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Selenides have similar properties to sulfides and attract considerable attention. Ge and 

co-workers[84] coated nitrogen-doped carbon to MoSe2 nanosheets by means of solvothermal 

and annealing to obtain a composite of MoSe2/N-C. Nitrogen-doped carbon effectively 

increases the electrical conductivity and active site of the material, and the composite exhibits 

excellent rate performance (196 mAh g−1 at 1 A g−1 and 178 mAh g−1 at 2 A g−1) under the 

synergistic effect of the electrolyte of potassium bis(fluoro-slufonyl)imide (KFSI) in ethyl 

methyl carbonate (EMC). And further investigated the reaction mechanism (MoSe2→

KxMoSe2→K5Se3+Mo) of MoSe2/N-C electrode by ex-situ XRD patterns and ex-situ Raman. 

Bai proved that MoSe2 nanosheets confined in N-doped macroporous carbon frame also can 

enhance potassium ion storage.[85] Wang et al.[86] designed and synthesized a unique pistachio-

shuck-like MoSe2/C core/shell nanostructure (Figure 9c), which can effectively buffer the 

volume expansion during the K-ion intercalation. As a consequence, the Figure 9h shows that 

the composite can remain a high capacity of 226 mAh g−1 at 1.0 A g−1 for a long period of 

1000 cycles. In addition, Zhou et al.[87] studied the potential application of 2D single-layer β-

GeSe anodes in PIBs by first-principles and density functional theory calculations. They 

found that β-GeSe can provide a capacity of 353.65 mAh g-1 while also has small energy 

barriers of 0.052/0.047 eV for the Ge/Se side and low open circuit voltage of 0.030 V (vs. 

K/K+). These results indicated β-GeSe can be considered as an anode material for PIBs. 

Besides, Du[88] reported nanosheets assembled cubic phase CuSe material with a crystal-

columnar morphology. Because of the structure of CuSe has advantages of high conductivity, 

enrich active sites and shorter K+ diffusion pathway, it can deliver 280 mAh g−1 at 5 A g−1 

with a high capacity retention of nearly 100%. Yang and co-workers[89] studied the potassium 

storage capacity and working mechanism of VSe2 ultrathin nanosheets. Based on the unique 

2D structure and graphene-like shape, the nanosheets possessed the large specific surface 

area, ultrafast ion/electron conductivity as well as excellent structural stability. Therefore, it 

shows a high rate capacity of 169 mAh g−1 at 2 A g−1 over 500 cycles with a low decay of 

0.025% per cycle. And the excellent electrochemical performance also benefited from the 

excellent reversibility (Figure 9f). In addition, the works of Shu[90] and Dou[91] confirmed that 

TiSe2 is an advanced anode materials for PIBs after investigating its kinetics and mechanism. 

2.3.3 Oxides anodes 

Oxides have proven to be a promising class of anode materials in LIBs and SIBs.[92-95] 

PIBs as an alternative energy storage device for LIBs, it is necessary to study the potassium 

storage performance of oxides. Recently, Suo et al.[96] firstly synthesized novel SnO2 
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nanosheets directly growing on stainless steel mesh (Figure 9i). For PIBs, although SnO2 

nanosheets delivered a high capacity of 128 mAh g−1 at 1 A g−1 after 200 cycles, the cycle 

stability of the battery needed to be improved. Bao et al.[97] firstly synthesized 3D porous 

carbon via using NaCl templates (Figure 10a), nano-sized MoO2 was subsequently fabricated 

on the 3D porous carbon. In PIBs, a reversible capacity of 213 mAh g-1 can be maintained 

after 200 cycles (Figure 10d). Moreover, in order to address the issue of slow 

intercalation/extraction kinetics for the large-radius Na+/K+, Lee[98] reported graphene-

wrapped vanadium trioxide nanofiber bundles with defects (V2O3-x@rGO). In addition to 

excellent SIBs performance, the composite also exhibited excellent potassium storage 

performance. For one thing, in half-cells of K-ion, a high capacity of 100 mAh g-1 can be 

maintained after 2000 cycles with a coulomb efficiency close to 100% (Figure 10g). For 

another, in K-ion full batteries, V2O3-x@rGO// KVO@rGO showed high energy and power 

densities (96.4 Wh kg-1 at 460 W kg-1) and potentially practical application in Figure 10h and 

i. Furthermore, Cao et al.[99] prepared CuO nanoplates with a thickness of ≈20 nm, yielding a 

reversible capacity of over 206 mAh g−1 after 100 cycles at 1 A g−1. They further investigated 

electrochemical reaction mechanism of CuO nanoplates as PIB anode material by XRD, 

HRTEM, XPS, resulting in the potassium storage behavior was a conversion reaction 

mechanism (CuO→KCuO→Cu+K2O↔Cu2O+K). In addition, Liu et al.[100] designed and 

synthesized MoS2@MoO2 heterojunction encapsulated into the hierarchical Fe and N co-

doped carbon framework (Figure 10b and c), which facilitates the transportation of electrons 

and ions as well as supplied favourable mass transfer. Furthermore, DFT implied the unique 

structure can decrease the K+ adsorption energy and migration barrier during the 

(de)potassiation. As a consequence, the composite exhibited outstanding rate performance in 

the Figure 10e and f, it maintained 160 mAh g-1 at 10 A g-1. To sum up, for the problems of 

anode materials in PIBs, optimizing phase morphology, elemental composition and surface 

nanostructure are effective approaches. 

2.4 Organic materials 

With these advantages of mechanical strength, easy synthesis, low weights, controllable 

redox properties, non-toxicity and renewability, organic materials are highly attractive and 

common as electrochemical energy storage materials. And in LIBs and SIBs systems, there 

have been many studies on organic materials as electrode materials.[101-106] Recently, with the 

rise of PIBs, the application range of organic materials has become wider. Chen[107] reported 

an organic material, dipotassium terephthalate (K2TP) with layered structure, which exhibited 
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high capacity (249 mAh g-1 at 0.2 A g-1) and ultra-stable (retention of 94.6% after 500 cycles 

at 1 A g-1) electrochemical performance (Figure 11a and b). By studying the K+ storage 

mechanism of K2TP, it is concluded that the excellent electrochemical performance is due to 

the active carboxylate groups and the unique flexible molecular structure of K2TP, and the 

synergy with 1,2-dimethoxyethane (DME)-based electrolyte. Besides, Deng et al.[108] also 

found that both K2TP and potassium 2,5-pyridinedicarboxylate (K2PC) can deliver average 

capacity of 181 and 190 mAh g−1 for 100 cycles, respectively. Additionally, Fan et al.[109] 

investigated the potassium storage properties and mechanism of cobalt terephthalate (CoTP), 

resulting in CoTP showed average capacities of 146 mAh g-1 for 200 cycles at 60 mA g-1 

(Figure 11c) and confirming the detailed redox mechanism was expressed as 

CoTP→Co+K4TP↔K2TP (Figure 11d). Li[110] reported a novel organic compound, potassium 

naphthalene-2,6-dicarboxylate (K2NDC) based on aromatic naphthyl skeleton, was exploited 

as anode for K+ storage. The organic anode exhibited a high specific capacity of 139 mAh g−1 

at 100 mA g−1 with capacity retention of 93%. Furthermore, as the Figure 11e-g showed, they 

obtained plausible potassium ion storage and release mechanism of K2NDC by ex-situ IR 

spectra and ex-situ XRD patterns. Moreover, Pan[111] reported an significant organic 

semiconductor material, 3,4,9,10-perylenetetracarboxylic diimide (PTCDI), which displayed a 

high capacity of 310 mAh g−1 at 0.5 A g-1 (Figure 11h) because of the fast K ion diffusion and 

low charge-transfer resistance. Importantly, they proposed possible six-electron storage 

mechanism of PTCDI in PIBs in the Figure 11i. 

3. Cathode Materials 

3.1 Hexacyanoferrates 

Hexacyanoferrates have an open metal-ligand framework, the structure can form a large 

space to allow the insertion and diffusion of large metal ions, resulting in hexacyanoferrates 

as favourable hosts for Li+, Na+ and K+. In addition, since each formula unit of the 

hexacyanoferrates structure can transport two equivalents of alkali ions (Li+, Na+ or K+) 

reversibly, it can provide high specific capacity. Therefore, hexacyanoferrates can be used as 

suitable cathode materials of rechargeable battery, and it has been widely studied in LIBs and 

SIBs.[112-116] In recent years, with the rapid development of PIBs, hexacyanoferrate cathode 

materials have emerged endlessly. The representative structure in PIBs is 

KM[Fe(CN)6]y∙(nH2O), here, M are transition metals (mainly Fe and Mn), which allows the 

large-scale applications and meets the low-cost requirements for ESS development.[117, 118] 

Significantly, as early as 1986, Neff et al.[119] reported that the storage reaction of K ions in K-

Hexacyanoferrates are based on the redox couple of Fe(III)/Fe(II) and/or M(III)/M(II), which 
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laid a theoretical foundation for the subsequent development of PIBs. The Prussian blue and 

its analogs are most representative among the K-Hexacyanoferrates, because of their simple 

synthesis and excellent electrochemical properties. In 2003, Ali Eftekhari first studied 

Prussian blue, KFeIII[FeII(CN)6], as PIB cathode material.[120] Afterwards, Guo[121] also 

reported the KFeIII[FeII(CN)6] nanoparticles (Figure 12a) as cathode for PIBs, which 

exhibited an outstanding capacity of 73 mAh g−1 after 1000 cycles at 100 mA g−1 (Figure 

12b). After ex-situ characterizations, they found that the excellent electrochemical 

performance resulted from the superior structural stability and electrochemical reversibility of 

KFeIII[FeII(CN)6] electrodes(Figure 12c-e).  

Afterwards, varied Prussian blue analogs were synthesized and studied as cathode 

electrodes for PIBs. Targholi et al.[122] used first-principles calculations to compare some 

properties of CuHCF and FeHCF, such as geometry structure, K ions insertion mechanism, 

and energy barriers for K ions diffusion in the skeleton. Then, they concluded that CuHCF is 

more suitable as a cathode material for PIBs than FeHCF. Besides, Goodenough[123] reported a 

low-cost high-energy potassium cathode, K1.89Mn[Fe(CN)6]0.92·0.75H2O (Figure 12f), which 

not only has a theoretical capacity of 156 mAh g−1 for the two-electron reaction of MnIII/MnII 

and FeIII/FeII redox couples but also shows two close plateaus centered at 3.6 V. These 

findings make the cathode content more efficient in comparison to lithium and sodium 

cathodes. Zhang and co-workers[124] synthesized a novel Prussian white, 

K0.22Fe[Fe(CN)6]0.805⋅4.01H2O nanoparticles, which not only showed a high discharge voltage 

of 3.1-3.4 V but also delivered a high reversible capacity of 73.2 mAh g−1 at 50 mA g−1. 

Importantly, the nanoparticles matched commercial carbon assembled full cell to provide a 

capacity of 68.5 mAh g−1 at a current density of 100 mA g−1  (Figure 12g). Cao[125] reported 

K1.81Ni[Fe(CN)6]0.97⋅0.086H2O cathode of microporous/mesoporous structure with high 

specific surface area, for PIBs, it displayed super long-term lifetime of over 8000 cycles at 

200 mA g−1. Besides, cube-shaped morphology K1.88Zn2.88[Fe(CN)6]2(H2O)5 also was 

demonstrated as a high-voltage (3.9 V vs K/K+) cathode material for PIBs.[126] In addition, 

Solanki[127] and Fu[128] were found that the Prussian green (FeIIIFeIII(CN)6) also had 

outstanding K+ storage capabilities when as cathode materials for PIBs. 

In order to optimize and improve the electrochemistry performance of Prussian blue and 

analogs, Huang et al.[129] synthesized a series of ternary Prussian blue analogue, 

K2Ni0.36Co0.64Fe(CN)6 nanoparticle. Electrochemical performance results suggested that the 

K2Ni0.36Co0.64Fe(CN)6 nanoparticle exhibited higher capacity and cycling stability than 

corresponding binary counterparts (Figure 12h). Similarly, Luo et al.[130] obtained a new 
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ternary Prussian blue analogue via co-precipitation methode, 

K0.3Ti0.75Fe0.25[Fe(CN)6]0.95·2.8H2O, which showed excellent rate performance in the Figure 

12i. On the other hand, some researchers have improved the shortcomings (such as low 

electronic conductivity and short lifespan) of Prussian blue and its analogues through the 

strategy of compounding with guest molecules. For example, Xue et al.[131] coated 

polypyrrole on the surface of Prussian blue, and obtained a novel cube-shaped KHCF@PPy 

compound (insert of Figure 12j). When the compound as electrode of PIBs, it delivered a 

higher capacity of 61.8 mAh g−1 after 500 cycles at 1 A g-1 because of low defect 

concentration and high electronic conductivity (Figure 12j). Additionally, Zhao and co-

workers[132] used facile ball-milling method to load broken Prussian blue (KxMnFe(CN)6) 

small grains onto few-layered graphene, obtaining Prussian blue/graphene nanocomposite. 

Based on the improved-conductive resulting from the contribution of graphene, the 

nanocomposite showed better rate performance compared with bare Prussian blue (Figure 

12k). Besides, Coronado et al.[133] designed and synthesized Prussian blue@MoS2 layer 

composites, MoS2 provided a 2D active support so that Prussian blue nanocrystals can 

homogeneous disperse and nucleate. Based on the unique architecture, the composite 

exhibited excellent electrochemistry performance, it can deliver a specific capacity of above 

100 mAh g−1 even at a high current density of 10 A g-1. 

3.2 Layered metal oxides 

Layered metal oxides could be indicated by the universal formula AxMO2 (A= Li, Na, K, 

etc. and M=Fe, Mn, Ni, Co, etc.). Due to layered metal oxides possess many advantages 

including excellent energy storage properties, high theoretical capacity, steady structural 

stability as well as low cost, which are extensively applicated in LIBs and SIBs.[134-139] 

Recently, layered metal oxides have been proved to be suitable materials for cathode of PIBs. 

For example, Kim et al.[140] synthesized layered P3-type K0.5MnO2 according to previous 

report, further investigated its K-storage properties. As shown in the Figure 13a, the P3-type 

K0.5MnO2 delivered a stable capacity of ≈100 mAh g−1 in the voltage window of 3.9-1.5V. The 

in-situ XRD results (Figure 13b) suggested the material undergoes reversible two-phase 

transitions (P3↔O3↔X) during the K+ intercalation/deintercalation process, and explained 

the reason of good K-storage properties. Zhang[141] reported layered P3-K0.5MnO2 hollow 

submicrospheres synthesized by a facile two-step self-templating method. Benefited from the 

nanosized microspheres and its unique hollow interior structure, the material displayed good 

cycling stability (89.1% capacity retention after 400 cycles at 0.2 A g-1). Chong et al.[142] 
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constructed and synthesized Mn-based layered oxide (K0.32MnO2) microspheres assembled by 

ultrathin nanosheets (Figure 13c and d), which showed good rete performance and cycling 

stabilization (Figure 13e). The ex-situ XRD measurement proved that the excellent 

performance benefited from outstanding morphology and structure stability during the cycling 

(Figure 13f). Moreover, Zhang et al.[143] found that effective AlF3 surface coating method also 

can improve electrochemical performance of K1.39Mn3O6 microspheres. Based on the surface 

modification, the material delivered a high reversible capacity of 110 mAh g−1 at 10 mA g-1. 

Wang and co-workers[144] found that the content of potassium of manganese-based layered 

KxMnO2 directly influenced the morphology and the electrochemistry performance. As the 

Figure 13g and h showed, the K0.45MnO2 exhibited better performance and lower charge 

transfer resistance than K0.3MnO2. In addition, the birnessite nanosheet with potassium 

content (K0.77MnO2⋅0.23H2O) as cathode for PIBs, exhibited excellent high rate performance 

(77 mAh g−1 at 1000 mA g−1) and ultralong cycling stability (capacity retention of 80.5% after 

1000 cycles at 1 A g−1) in Figure 13i and j.[145] 

Besides, cobalt, chromium, and vanadate-based layered oxides are proposed as potential 

cathode material for PIBs. The work of Kim et al.[146] studied a layered P2-type K0.6CoO2 as 

cathode for PIBs, its good rate capability benefited from the highly reversibly of K0.6CoO2 

electrode proved by the in-situ XRD analysis (Figure 14b and c). In addition, Pyo[147] 

reported a novel reaction phenomenon of P'3-K0.8CrO2 cathode. As the Figure 14d exhibited, 

pristine K0.8CrO2 firstly returned to P'3-K0.48CrO2 during the 1st charge, and finally generated 

a new O'3-K0.9CrO2 phase in subsequent discharge. As we all know, the sustained existence of 

P'3-phases is conducive to the improvement of cyclic stability and K+ transport rate. 

Therefore, the material possessed a high capacity retention of 99% after 300 cycles at 1 C 

(Figure 14e). Hwang et al.[148] designed and synthesized a new layered P3-K0.69CrO2, which 

also had excellent reversibility of phase transition during the potassium (de)insertion. Besides, 

Guo et al. [149] reported K0.5V2O5 belts with a large interlayer distance (≈9.505 Å) delivered a 

high capacity 90 mAh g−1 at 10 mA g−1 and presented good cycling stability with 81% 

capacity retention at 100 mA g−1 after 250 cycles. Jo et al.[150] synthesized a novel cathode 

material, K2V3O8 compound with carbon, which retained 80% capacity retention after 200 

cycles (Figure 14a).  

Additionally, binary and ternary metal-based layered oxides also are used as advanced 

cathode materials for PIBs. For example, Mai[151] reported a novel Fe/Mn-based layered oxide 

interconnected nanowires (Figure 14f), which could deliver an impressive initial capacity of 

178 mAh g−1 as the cathode of PIBs. More importantly, when coupled with anode of soft 
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carbon, the K-ion full batteries exhibited both good rate performance and cycling stability 

(Figure 14g). Wang et al.[152] reported a high-energy layered P2-type oxide, hierarchical 

K0.65Fe0.5Mn0.5O2 microspheres with primary nanoparticles, delivering a high reversible 

capacity of 151 mAh g−1 at 20 mA g−1 based on the unique structure and morphology. And 

even at 100 mA g−1, the capacity of 103 mAh g−1 was obtained. More significantly, the full 

battery assembly together with hard carbon demonstrated long-term cycling stability. Ji et 

al.[153] designed a promising cathode material, P3-K0.54[Co0.5Mn0.5]O2, which owned more 

faster K+ diffusion compared with other types of layered materials. As a result, the 

K0.54[Co0.5Mn0.5]O2 showed excellent rate performance, it delivered a high capacity of 78 

mAh g−1 even at 500 mA g−1 (Figure 14h). Besides, Wang[154] reported a new layered ternary 

material K0.67Ni0.17Co0.17Mn0.66O2 (Figure 14i). Ex-XRD analysis suggested the material 

possessed excellent reversibility when it used to cathode for PIBs, delivering a reversible 

capacity of 76.5 mAh g−1 at 20 mA g−1 with a high average voltage of 3.1 V (Figure 14j). 

Masese et al.[155] found that the honeycomb framework P2-type K2/3Ni1/3Co1/3Te1/3O2 showed 

a higher voltage (4 V versus K+/K) compared with other layered oxides of previous reports. 

3.3 Polyanionic compounds 

These polyanionic compounds, such as LiFePO4
[156, 157], Li2FeP2O7

[158], Li2FePO4F
[159], 

Na3V2(PO4)3
[160, 161], Na3V2(PO4)2F3

[160, 162] and etc., have been successfully and widely 

applied in LIBs and SIBs. Based on these successful research experiences and results of 

predecessors, researchers are urged to develop polyanionic compounds that can be used in the 

cathode electrode of PIBs. Recently, Liao et al.[163] obtained three layered KVOPO4 with 

different morphologies by hydrothermal method, including bulk, flower-shaped microspheres 

and nanosheets. Electrochemical test results revealed KVOPO4 nanosheets have higher 

capacity, better rate performance and cycle stability (Figure 15a and b), because ex-situ XRD 

measurements showed the volume change of KVOPO4 nanosheets electrode was only 9.4%. 

Pyo[164] reported the KVP2O7 cathode of PIBs possessed a high average discharge potential(≈

4.2 V vs. K/K+), achieving an energy density of 253 Wh kg−1 at 0.25 C. As shown in Figure 

15d, its energy density does not decrease significantly with the increased C-rate. Additionally, 

Lin et al.[165] exchanged Na ions in Na3V2(PO4)2F3 with K ions by electrochemical method to 

obtain K3V2(PO4)2F3 (Figure 15e), which delivered a capacity of 100 mAh g−1 with a high 

average voltage of 3.7 V. And the full battery assemble by graphite anode and K3V2(PO4)2F3 

cathode also showed good cyclic performance (Figure 15f). Moreover, Han et al.[166] designed 

a novel K3V2(PO4)3/C nanocomposites with three-dimensional conductive network, for PIBs, 
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the nanocomposites exhibited a discharge capacity of 52 mAh g-1 after 100 cycles at 20 mA g-

1 with a high capacity retention (Figure 15c). Besides, KFeSO4F materials showed a high 

working potential of 3.6 V vs. K/K+ when used cathode for PIBs, which was more than that of 

Li/Na-based compounds.[167]  

3.4 Organic materials 

Like anode materials, organic materials also play an important role in the application of 

PIBs. The redox-active material, octahydroxytetraazapentacene, was not only as a cathode for 

LIBs but also PIBs.[168] With the help of electrode deposition technique, the organic material 

can delivered a high specific capacity of 120-220 mAh g-1 (Figure 15g), which is far superior 

to similar materials. Moreover, ortho-di-sodium salts of tetrahydroxyquinone(o-Na2C6H2O6) 

also serve as a cathode electrode material for LIBs and PIBs.[169] It delivered high reversible 

capacity of 168.1 and 26.7 mAh g-1 at 25 and 5000 mA g-1, respectively. Besides, 

anthraquinone-1,5-disulfonic acid sodium salt had also been proven to have the ability to store 

potassium ions.[170] Troshin et al. [171] reported poly(N-phenyl-5,10-dihydrophenazine) as a 

high-energy and high-power-density organic cathode showed an impressive capacity of 162 

mAh g−1 at 200 mA g−1, excellent high rate performance (more than 120 mAh g−1 at 10 A g−1) 

accompanying high-energy (Figure 15h and i), fast charge and discharge within 1-4 min and 

long-term cycle life (retention of 59% after 2000 cycles at 2 A g−1). Ma et al.[172] found that 

cuprous ions and organic anions in copper-tetracyanoquinodimethane were electrochemically 

active, resulting in a three-electron redox mechanism. Therefore, when the organic material 

was used as a cathode electrode of PIBs, it provided a high capacity of 125 mAh g−1 at 1 A 

g−1. Wang et al.[173] reported that poly(pentacenetetrone sulfide) not only delivered high 

reversible capacity of 260 mAh g−1 at 0.1 A g−1 but also showed a long cycle stability that 190 

mAh g−1 after 3000 cycles at 5 A g−1 (Figure 15j). Similarly, poly(anthraquinonyl sulfide) 

exhibited excellent electrochemical performance like poly(pentacenetetrone sulfide).[174] 

Moreover, Fan et al.[175] designed a novel insoluble organic cathode, [N,N′-bis(2-

anthraquinone)]-perylene-3,4,9,10-tetracarboxydiimide, it delivers a highly capacity of 133 

mAh g-1 at an ultrahigh current density of 20 A g-1. Electrode materials that can maintain a 

high capacity at ultrahigh current density are urgently needed and further development. 

4. Electrolytes 

As we all know, the electrolyte is called the blood of the battery. As the most important 

part of the battery composition, it affects the performance of the battery. A wide voltage 

window, excellent stability, good electron conductivity, low cost as well as environmentally 
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friendly electrolytes are what researchers most desire. In PIB energy storage devices, like 

electrolytes of LIBs and SIBs, the different potassium salts are dissolved in different solvents 

to form solvated ions, and the performance of the battery depends on the reaction of these 

solvated ions with the electrode material. At present, the most commonly used electrolyte salts 

are KPF6, KFSI and KBF4. In addition, according to the needs of different electrode materials, 

KClO4, K2SO4, KCF3SO3, KNO3, etc. can also be used as electrolyte salts. At the same time, 

there are many kinds of solvents, such as EC:DMC, EC:PC, EC:DEC, DME, etc. However, 

different salts and different solvent combinations and the content of each component will have 

different results for PIBs.  

For example, Eftekhari et al.[120] reported that the PIBs based on Prussian blue cathode 

possessed excellent long-term cyclability of more than 500 cycles. Impressively, the capacity 

of the battery had hardly decayed even at high temperatures (Figure 16a). These results 

attributed to a smaller Stoke’s radius of K+ in electrolyte solution (1 M KBF4 in 3:7 

EC/EMC). Zhang et al.[176] investigated the effects of two electrolyte salts, KFSI and KPF6, 

based on carbonate electrolytes on the electrochemical performance of alloy-based anode 

materials. By comparison, KFSI helped to obtain a more stable SEI film, thereby significantly 

improving electrochemical performance. Specifically, the ex-situ TEM images (Figure 16c-h) 

of Bi/rGO electrodes after 2 cycles, 5 cycles, and 10 cycles demonstrated the SEI film in 

KFSI electrolytes was more steady than that of KFP6 electrolytes, which resulted in the 

electrochemical performance of Bi/rGO-KFSI was better than Bi/rGO-KFP6 (Figure 16b). In 

addition, Xu and co-workers[177] reported that electrolytes and corresponding SEI films play 

an important role in improving and optimizing performance of organic cathode materials in 

PIBs. For anthraquinone-1,5-disulfonic acid sodium salt cathode material, they compared the 

electrochemical performance of electrolytes based on DME and EC:DEC, and found that 

ether-electrolytes have smaller internal reaction resistance and smaller resistance. Mainly, the 

ether-electrolyte-derived SEI layer has a protective inorganic-rich inner layer. Therefore, the 

materials in Figure 16i and j showed increased capacity and improved values. Furthermore, 

the reports of Mai et al. [178] and Stevenson et al. [179] also confirmed the unique contribution 

of ether-based electrolyte in improving and optimizing the performance of PIBs. Namely, the 

ether electrolyte can generate a stable SEI film and faster kinetics of potassium ion diffusion. 

Besides, Qin et al.[180] designed a localized high-concentration electrolyte obtained by adding 

a highly fluorinated ether into the concentrated KFSI/DME, which showed a high ionic 

conductivity of 13.6 mS cm−1 (Figure 16m) and excellent cyclic stability and considerable 

reversible capacity (Figure 16k and l). These results are due to the formation of a stable and 
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durable SEI film by the localized high-concentration electrolyte on the surface of the 

electrode material.  

Additionally, aqueous electrolytes have also been used in the research of PIBs because of 

their high safety. So far, KNO3 has been used as a common salt in the investigation of 

Prussian blue and its analog electrode materials.[181] Besides, 30 M potassium acetate-based 

water-in-salt electrolyte (WiSE) was first applied in aqueous KIBs that expands the operation 

potential window to 3.2V.[182] And at the same concentration, the conductivity of the 

electrolyte exceeds that of LiTFSI and other fluorinated imide salts. Hu et al.[183] reported a 

22 M KCF3SO3 WiSE applied in full aqueous K-ion batteries. This high-concentration 

electrolyte contains very little free water, which can help to reduce the dissolution of the 

anode and cathode electrode materials.  

In order to better highlight the influence of the electrolyte on the electrochemical 

performance, Table 2 compares the electrolytes mentioned in the above cases. For organic 

electrolytes, researchers chose KFSI salt and ether solvent (DME) as the commonly used 

electrolytes in the actual research process. This is because the use of electrolytes based on 

ether and KFSI can form a more stable, more uniform, and highly ion-conducting SEI film, 

which can achieve efficient reversible potassium plating/stripping. Moreover, the DME 

solvent exhibits better wettability on the electrode than other solvents, which is also helpful 

for improving battery performance. In addition, the electrolytes of some lipids are affected by 

the potential. For example, the stability of dimethyl carbonate (DEC) at lower potentials will 

be poor, thus showing low Coulomb efficiency and terrible cycle stability. On the other hand, 

the high concentration of water-in-salt electrolyte reduces the dissolution of electrode 

materials due to its low water content, enabling an extremely long cycle life. Moreover, the 

choice of salt and concentration control will also affect the battery voltage window and ion 

transport capacity. However, reports and research on aqueous electrolytes are still in their 

infancy and require further research. 

5. Summary and Future Outlook 

In summary, in this review, we have presented detailed summaries of anode and cathode 

electrode material research and development for PIBs in recent years. On the one hand, in the 

chapter of anode materials, we mainly summarized the situation of carbon-based materials, 

alloy-based materials, Metal-chalcogenide and -oxides and organic materials. Compared with 

counterparts of LIBs and SIBs, PIBs assembled from these materials show higher working 

potential, comparative conductivity and storage capacity of potassium ion as well as 

impressive specific capacities. The common problem faced by these materials is that the 
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material structure has increased in volume due to the large radius of potassium ions, leading 

to a rapid decrease in efficiency and shorter life for the PIBs. Designing new synthesis 

methods to obtain materials with different structures and morphologies as well as regulating 

and controlling the active sites on the surface of the materials are effective strategies to 

improve and optimize the electrochemical performance of PIBs. 

On the other hand, in the summary of cathode materials, the hexacynoferrates, layered 

metal oxides, polyanionic compounds and organic materials are mainly studied and 

investigated for the practical applications of PIBs. Firstly, low-cost and easy-to-synthesize 

hexacynoferrates have a unique open-framework for metal ligands, which provides a large 

space for potassium ion insertion and diffusion. But every coin has two sides, low density and 

the existence of interstitial water are the main factors limiting the practical application of such 

materials. Therefore, reducing content of interstitial and optimizing tap density are effective 

strategies. Secondly, although the layered metal oxides could deliver a high theoretical 

capacity and retain stable structure during the cycling, its operating voltage is low. Thirdly, 

polyanionic compounds have been successfully applied in LIBs and SIBs because of fast ionic 

diffusion and inductive effect. Although there are many mature experiences to learn from, the 

low volume energy density caused by the excessive molar volume of potassium ions is still a 

problem to be solved. Furthermore, the limited distance between layered metal oxides and 

polyanionic compounds and their interstitial space make it quite difficult to store K+, and 

these factors restrict the development of PIBs. Last but not least, unlike inorganic materials, 

organic materials have a larger main layer spacing, better strain structure flexibility, and 

multiple active site groups, which give rise to PIBs can provide higher energy density. 

However, there are not many organic materials that can be applied to the cathode electrode of 

PIBs, and the other troublesome thing is that the free potassium ions in the organic materials 

are not favorable for the full battery system. 

Besides, there are several challenges for the future development of entire energy storage 

system of PIB. (i) In future, more work and study are required on the reaction mechanism of 

the PIB and the kinetic activity of potassium ions. (ii) An essential part of the battery is the 

electrolyte. The composition of the additive and its correct ratio of use, together with the 

required solvent (ether, lipid or aqueous) will effectively support the creation of a stable solid 

electrolyte film, which helps to improve electrochemical efficiency of the battery. In this 

regard, further research is needed. (iii) In the application of metal ion batteries, thermal 

runaway caused by poor heat dissipation performance of battery devices is a major hidden 

danger of safety issues. Moreover, potassium has a lower melting point and stronger activity 
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than metal lithium. The safety issue is complex and challenging for the PIB system, which 

requires comprehensive consideration from multiple aspects including electrode materials, 

electrolytes, and devices. 

Nevertheless, the development prospects of PIBs are still optimistic. PIBs have the 

same system as LIBs and SIBs, thus there are many mature experiences that can draw on the 

later. Moreover, considering the abundance of potassium resources, the disadvantages of the 

application of graphite materials in SIBs, as well as the cost and lack of lithium resources, in 

the post-lithium ion battery era we are persuaded that PIBs will become an indispensable 

EES. 
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Figure 1. (a) Global lithium resource consumption in the past decade. (b) Electrochemical 

performance of graphite as a negative electrode for LIBs, SIBs and PIBs. (c) Physical and 

chemical properties and (d) abundance of Li, Na, K and Zn. 
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Figure 2. Overview of progress in rechargeable PIBs, including anode, cathode and 

electrolytes. 
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Figure 3. (a) Schematic illustration of potassium storage in graphite and expanded 

graphite.[19] Copyright 2017, Elsevier. (b and d) Schematic illustration of the formation of 

highly-oriented mesoporous graphitic carbon nanospring and its image.[20] Copyright 2019, 

Wiley-VCH. (c and e) Schematic illustration of structural variations of carbon nanocage and 

its HRTEM image.[21] Copyright 2019, Wiley-VCH. (f) Cycling performance of expanded 

graphite.[19] Copyright 2017, Elsevier. (g) Retention of depotassiation capability with rate 

capability shown in the inset of carbon nanocage.[21] Copyright 2019, Wiley-VCH. (h) The 

cycling performance of the mesoporous graphitic carbon nanospring.[20] Copyright 2019, 

Wiley-VCH. 
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Figure 4. (a) SEM image of soft carbon semi-hollow microrods.[22] Copyright 2017, The 

Royal Society of Chemistry. (b and e) SEM image of porous nitrogen-doped carbon 

microsphere and its long-term cycling performance.[24] Copyright 2019, Elsevier. (c and d) 

Schematic illustration of the synthesis process of Nitrogen-doped soft carbon frameworks and 

its electrochemical performance.[23] Copyright 2019, Elsevier. (f and g) Cycling performance 

of sulfur/nitrogen dual-doped hard carbon at 0.1 and 3 A g−1, respectively. The insert of g is 

schematic illustration of bulk storage for PIBs.[25] Copyright 2019, Wiley-VCH. (h and j) Rate 

capability and long-term cycling performances of carbon nanofiber foam.[34] Copyright 2018, 

American Chemical Society. (i) Long-life cycling performance of soft carbon semi-hollow 

microrods.[22] Copyright 2017, The Royal Society of Chemistry. 
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Figure 5. (a) Schematic representations of ion storage mechanisms for different types of 

carbon materials at low temperatures.[33] Copyright 2019, Elsevier. (b) Galvanostatic 

discharge/charge curves of optimized-rGO in the second cycle at 0.1C and (c) specific 

capacities at the 10th cycle and the corresponding capacity retention rates of the graphite, hard 

carbon, GO, optimized-rGO at -40° and room temperature at 0.1C.[33] Copyright 2019, 

Elsevier. (d) Schematic illustration of preparation and potassiation of P@TBMC composite 

and (g) its cycle performance at 0.5 A g-1.[44] Copyright 2018, Elsevier. (e) Representative 

charge/discharge profiles at different current rates and (f) calculated formation energy and 

schematic illustration of the charge/discharge process of red P@ carbon nanosheet 

electrode.[43] Copyright 2018, Wiley-VCH.  
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Figure 6. (a) Schematic illustration of the synthesis and (b) image of SEM of 3D 

hierarchically porous carbon/Sn composites, and (c) its cycling performance at 50 mA g-1.[54] 

Copyright 2018, The Royal Society of Chemistry. (d) The (de)potassiation process in Sn4P3/C 

Electrode.[41] Copyright 2018, American Chemical Society. (e) Long-term cycling 

performance Sn4P3@C electrode at 500 mA g-1.[55] Copyright 2019, Elsevier. (f) Schematic 

depicting the formation of SnP0.94@GO composite and (g) cycle performances at different 

current densities.[56] Copyright 2019, Elsevier. 
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Figure 7. (a) Rate capacities of Sbx@G1-x composite electrodes at various current rates from 

50 to 2000 mA g-1.[57] Copyright 2019, Wiley-VCH. (b) The galvanostatic charge/discharge 

behavior and (c) in-situ XRD patterns of Sb7@G3 electrode.[57] Copyright 2019, Wiley-VCH. 

(d) The EDS elemental mapping images of Sb/CNS and (e and f) its electrochemical 

performance.[58] Copyright 2019, Elsevier. (g) Schematic illustration of the preparation 

procedures for Sb@NPMC and (h) long-term cycling stability at a current density of 1A g-

1.[60] Copyright 2019, Elsevier. 
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Figure 8. (a) SEM and (b) TEM images of Bi@N-doped carbon.[63] Copyright 2019, Wiley-

VCH. (c and d) SEM images of the ultra-thin carbon film@carbon nanorod@Bi nanoparticle 

and (g) its Schematic illustration.[64] Copyright 2019, American Chemical Society. (e) In-situ 

XRD patterns of commercial Bi particles and (f) alloying and dealloying processes in Bi 

electrode in the first discharge and the following cycles.[62] Copyright 2018, Wiley-VCH. (h) 

Long-term cycling stability at 10 A g−1 of Bi@N-doped carbon.[63] Copyright 2019, Wiley-

VCH. (i and g) cycling performance of the UCF@CNs@BiN electrode at 100 and 1000 mA 

g−1, respectively.[64] Copyright 2019, American Chemical Society. 
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Figure 9. (a) Schematic illustration of the synthesis process for CoS@Graphene composite 

and (b) its SEM image.[73] Copyright 2017, Wiley-VCH. (c) HAADF-STEM of pistachio-

shuck-like MoSe2/C core/shell and (h) long-term cycling stability at a high current density of 

1.0 A g−1 over 1000 cycles.[82] Copyright 2018, Wiley-VCH. (d) The long-term cycling 

performance of NiCo2.5S4@RGO. (e) Rate capabilities of rGO@FeS2@C and rGO@p-

FeS2@C anodes from 0.1 to 2.0 A g-1.[76] Copyright 2019, Elsevier. (f) The cycling 

performance and CE of the VSe2 nanosheet electrode for 500 cycles at 2 A g−1 (The insert 

image is Schematic illustration of reversible K+ ion storage in the ultrathin VSe2 

nanosheets).[85] Copyright 2018, Wiley-VCH. (g) Schematic illustration of the synthetic 

process of multi-layer architecture of FeS2@C hybrids.[77] Copyright 2016, Elsevier. (i) SEM 

image of SnO2 nanosheets grown on stainless steel mesh.[92] Copyright 2018, Elsevier. 
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Figure 10. (a) Schematic illustration of the synthesis process of nano-sized MoO2 on the 3D 

porous carbon and (d) its cyclic properties at 0.1 A g-1.[93] Copyright 2019, Elsevier. (b) The 

preparation process of MoS2@MoO2 heterojunction encapsulated into the hierarchical Fe and 

N co-doped carbon framework and (c) its TEM image.[96] Copyright 2019, The Royal Society 

of Chemistry. (e, f) The rate performance of MoS2 based composite at different current 

densities.[96] Copyright 2019, The Royal Society of Chemistry. (g) Long-term cycling 

performance of V2O3-x@rGO and (h, i) Ragone plots of the assembled all-vanadate PIB with 

comparison with some reported typical PIBs and practical application.[94] Copyright 2019, 

The Royal Society of Chemistry. 
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Figure 11. (a, b) Cycle stability of K2TP at 200 and 1000 mA g-1, respectively.[103] Copyright 

2017, The Royal Society of Chemistry. (c) The long-cycle profiles and (d) the detailed redox 

mechanism for CoTP in K-ion cells.[105] Copyright 2017, Elsevier. (e) The plausible potassium 

cation storage and release mechanism of K2NDC in PIBs. And (f, g) The ex-situ IR spectra 

and the ex-situ XRD patterns during the first discharging/charging process.[106] Copyright 

2019, The Electrochemical Society. (h) Specific capacity and coulombic efficiency of PTCDI 

during 100 charge-discharge cycles at 0.5 A g-1 with 1 M KPF6 in DME and PC/EC (1 : 1, 

vol) electrolytes. And (i) Possible six-electron storage mechanism for PTCDI.[107] Copyright 

2019, The Royal Society of Chemistry. 
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Figure 12. (a) TEM image, (b) long-term cycling performance of KFeIII[FeII(CN)6] 

nanoparticles, (c-e) ex-situ tests at different states of of KFeIII[FeII(CN)6] electrodes.[117] 

Copyright 2017, The Royal Society of Chemistry. (f) The structural illustration of 

K1.89Mn[Fe(CN)6]0.92·0.75H2O.[119] Copyright 2017, American Chemical Society. (g) Cycling 

performance of K0.22Fe[Fe(CN)6]0.805⋅4.01H2O at a current density of 50 mA g−1.[120] 

Copyright 2017, Wiley-VCH. (h) Cycling performances of K2Ni0.36Co0.64Fe(CN)6, 

K2NiFe(CN)6 and K2CoFe(CN)6.
[125] Copyright 2019, American Chemical Society. (i) Rate 

performance of K0.3Ti0.75Fe0.25[Fe(CN)6]0.95·2.8H2O.[126] Copyright 2018, Elsevier. (j) Long 

cycling performance at 1000 mA g−1 of KHCF@PPy. The insert are TEM images of 

KHCF@PPy.[127] Copyright 2019, American Chemical Society. (k) The comparison of rate 

capability of KxMnFe(CN)6 and KxMnFe(CN)6/Graphene.[128] Copyright 2019, The Royal 

Society of Chemistry. 

 

 

 

 

 

 

 

 

 

 



  

45 

 

 

 

Figure 13. (a) Galvanostatic voltage-capacity profiles of P3-type K0.5MnO2, (b) in-situ XRD 

patterns of P3-type K0.5MnO2 electrode and corresponding charge/discharge profiles.[136] 

Copyright 2017, Wiley-VCH. (c, d) SEM images of K0.32MnO2 microspheres and (e) its 

cycling performance and voltage stability, (f) potassium storage mechanism of K0.32MnO2 

electrodes during the initial charge-discharge process.[138] Copyright 2019, Elsevier. (g) 

Cycling performance at 20 mA g−1 and (h) Nyquist plots of P2-K0.3MnO2 and P3-

K0.45MnO2.
[140] Copyright 2018, Elsevier. (i) Rate capabilities of the different sample of 

reaction time and (g) long-term cycle performance of the K0.77MnO2⋅0.23H2O electrode at a 

current density of 1000 mA g−1 for 1000 cycles.[141] Copyright 2019, Wiley-VCH. 
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Figure 14. (a) Long-term cycling performance of K2V3O8/C composite. The insert is the 

electrochemical reaction process of K2V3O8/C electrode.[146] Copyright 2019, Elsevier. (b) In-

situ XRD characterization of P2-type K0.6CoO2 upon charge/ discharges and (c) typical 

charge/discharge profiles at different rates.[142] Copyright 2017, Wiley-VCH. (d) Ex-situ 

XRD patterns for the pristine, charged, and discharged electrodes, and (e) cycling 

performance of P3-K0.8CrO2 at 1C.
[143] Copyright 2019, Elsevier. (f) SEM image of 

interconnected K0.7Fe0.5Mn0.5O2 nanowires, and rate performance of the full cell based on 

K0.7Fe0.5Mn0.5O2/soft carbon.[147] Copyright 2017, American Chemical Society. (h) Rate 

performance of K0.54[Co0.5Mn0.5]O2.
[149] Copyright 2019, Elsevier. (i) Refinement XRD 

pattern of K0.67Ni0.17Co0.17Mn0.66O2 and (j) its charge-discharge profiles.[150] Copyright 2017, 

Elsevier. 
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Figure 15. (a) Cycling performances at 0.5C and (b) rate capability of KVOPO4 

nanosheets.[159] Copyright 2019, The Royal Society of Chemistry. (c) Cycling performance of 

K3V2(PO4)3/C at 20 mA g-1.(The insert are SEM images of K3V2(PO4)3/C)[162] Copyright 

2017, The Royal Society of Chemistry. (d) Ragone plot of KVP2O7.
[160] Copyright 2018, 

Wiley-VCH. (e) Voltage profiles of de-sodiation of Na3V2(PO4)2F3 and the following 

potassiation/de-potassiation, and (f) the charge/discharge curves of full K-ion battery where a 

graphite anode is used. The inset is the cyclic performance of the battery.[161] Copyright 2017, 

Elsevier. (g) Cycling performance of octahydroxytetraazapentacene at С/10.[164] Copyright 

2019, Elsevier. (h) Capacity versus current density behavior in different electrolyte 

formulations of poly(N-phenyl-5,10-dihydrophenazine) electrode and (i) its energy density at 

different current densities.[167] Copyright 2019, American Chemical Society. (j) Long-term 

cyclability of poly(pentacenetetrone sulfide) at 5 A g-1.[169] Copyright 2019, The Royal 

Society of Chemistry. 
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Figure 16. (a) Cyclability data of the potassium secondary cell containing PB cathode at 

different temperatures.[116] Copyright 2004, Elsevier. (b) Cycling performance of Bi and 

Bi/rGO electrodes in KPF6 and KFSI electrolytes at 50 mA g-1, and ex-situ TEM images of 

Bi/rGO electrode after two cycles, five cycles, and 10 cycles in KFP6 (c-e) and KFSI (f-h) 

electrolytes.[171] Copyright 2018, Wiley-VCH. (i, g) Comparison of rate capabilities and 

cycling performance of anthraquinone-1,5-disulfonic acid sodium saltat cathodes in the DME 

and EC/DEC electrolytes.[172] Copyright 2019, Wiley-VCH. Voltage profiles of K/graphite 

batteries at (k) 6.91 m KFSI/DME and (l) 2.76 m KFSI/DME-HFE (1:1.90:0.95 by mol). And 

(m) ionic conductivities of different electrolytes at room temperature.[175] Copyright 2019, 

Wiley-VCH. 
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Table 1 Tuneing strategies, synthesis methods, and reaction mechanisms of some representative anode materials and 

corresponding electrochemical performances in PIBs 

Materials 
Synthesis methods or 
Tuneing strategies  

Reaction mechanism Electrochemical performances Ref. 

graphite enlarging interlayers of graphite 
(expanded graphite)  

C→KC36→KC24→KC8 174 mAh g−1 after 500 cycles 
at 200 mA h g−1 (no capacity loss) 
  

20 

graphite designing a unique structure 
of highly-oriented mesoporous  
graphitic carbon nanospring  
 

 
C→KC36→KC24→KC8 

100 mA h g−1 after 10000 cycles 
at 2000 mA g−1 

21 

soft carbon via MgO template synthetize 
N-doped soft carbon clusters  
with enlarged interlayer gap 

C + K→KC8 165 mAh g−1 after 500 cycles 
at 5 A g−1 (retention of 85.5%) 

151 mAh g−1 at 5 A g−1 
 

24 

hard carbon designing a structure of  
hierarchically porous microsphere, 
anion doping  
 

C + K→KC8 180 mA h g-1 after 4000 cycles 
at 1.8 C (no capacity loss) 
 

25 

hard carbon introducing defect sites and  
functionalgroups,  
dual (N, S)-doping 

C + K→KC8 213.7 mAh g−1 (at 0.1 A g−1) 
144.9 mAh g−1 over 1200 cycles  
at 3A g−1 
 

26 

rGO tuneing surface defects, 
increasing layer spacing 
 

C + K→KC8 171 mAh g−1 at 0.1C (-40ºC) 
 

35 

black P nanometerization  P + K+ + e
-
↔PK 617 mAh g−1 (in the first cycle at  

50 mA g−1) 
 

44 

red P  compound with carbon (anchoring  
red P nanoparticles on a 3D carbon 
 nanosheet framework)  
 

P + K+ + e-→PK 

 
655 mAh g−1 (at 100 mA g−1) 
323.7 mAh g−1 (at 2000 mA g−1) 

 

45 

Sn via NaCl crystals template  
synthetize 3D hierarchically  
porous carbon/Sn composites 
 

 
Sn + K+ ↔K4Sn23↔K2Sn5 
C + K+ + e-↔KC8 
 

 
276.4 mAh g−1 after 100 cycles 
at 100 mA g−1 (CE of over 96%) 
 

56 

Sn4P3 confining Sn4P3 in N-doped  
carbon fibers 

Sn4P3 + Kx↔Sn + (P-Kx) 
(P-Kx) + K↔K3P11 

K3P11 + Sn + K↔KSn + K3P 
 

160.7 mAh g−1 after 1000 cycles  
at 500 mA g−1 

42 

SnP0.94 compound with GO SnP0.94 ↔KSn + K3−xP 106 mAh g−1 after 100 cycles 
at 200 mA g−1 (retention of 93%) 
 

58 

Sb using Sb-MOFs as precursors, 
embedded Sb nanoparticles into 
porous carbon 

 
Sb↔KSb2/KSb↔K3Sb/K5Sb4 

497 mAh g-1 at 100 mA g-1 over  
100 cycles (capacity decay of  
0.054% per cycle) 
 

61 

Bi using Bi-MOFs as precursors  
synthesized novel ultrathin  
carbon film@carbon nanorods 
@Bi nanoparticle 
 

 
Bi↔KBi2↔K3Bi2↔K3Bi 

 
430 mAh g-1 at 100 mA g-1 

140 mAh g-1 at 1000 mA g-1 66 

Ge tailoring nanoporous structures Ge↔Ge4K↔GeK↔GeK3 ~120 mAh g-1 at 20 mA g-1 over  
400 cycles 
 

68 

CoS anchoring CoS nanoclusters  
on graphene nanosheets 
 

insertion/extraction mechanism 675 mAh g-1 (initial capacity) at 
0.5C with ICE of 64.4% 

76 

iron sulfide via designing unique architecture intercalation-deintercalation or/ 
and conversion mechanism 
 

—— 79-81 

MoSe2 coating nitrogen-doped carbon to  
MoSe2 nanosheets 

MoSe2→KxMoSe2→K5Se3+Mo 196 mAh g−1 (at 1 A g−1) 
178 mAh g−1 (at 2 A g−1) 
 

84 

MoSe2 designing pistachio-shuck-like 
core/shell nanostructure 

MoSe2→KxMoSe2→Mo 226 mAh g-1 after 1000 cycles 
at 1 A g-1  
 

86 

TiSe2 based on its large interlayer space TiSe2↔K0.25TiSe2↔K0.58TiSe2 
↔KxTiSe2 

~50 mAh g-1 after 300 cycles  

at 0.4 A g-1(retention of 61%)  

91 



  

50 

 

 

SnO2 directly growing on stainless steel 
mesh 
 

SnO2 ↔K4Sn23 128 mAh g−1 after 200 cycles  
at 1 A g−1  

96 

CuO Synthesizing nanoplates with a 
thickness of ≈20 nm 

CuO→KCuO→Cu+K2O↔Cu2O 
+K 

206 mAh g−1 after 100 cycles  
at 1 A g−1  

 

99 

K2TP Own special structure and synergy  
of DME-based electrolyte 

K2TP↔K4TP 194 mAh g−1 after 500 cycles  
at 1 A g−1(retention of 94.6%) 

107 

 

 

 

 

 

 
Table 2 The effect of various electrolytes on electrochemical performance in PIBs. 

Materials Electrolytes Electrochemical performances Ref. 

Prussian blue 1 M KBF4 in 3:7 EC/EMC excellent cyclability for more 
than 500 cycles at C/10 
  

120 

Bi/rGO 1.0 M KFSI in EC/DEC (1:1 v/v) 
0.8 M KPF6 in EC/DEC (1:1 v/v) 

 

350 mAh g−1 (KFSI) and ~60 
mAh g−1 (KPF6) after 10 cycles 
at 50 mA g-1 

 

176 

anthraquinone-1,5-disulfonic acid 
sodium salt  
 

0.8 M KFSI in DME 
0.8 M KFSI in EC:DEC (1:1 v/v) 

101.9 mAh g−1 (DME) and  
21.6 mAh g−1 (EC:DEC) after  
10 cycles at 0.1C 

177 

 
Sb2O3-RGO  

 
1 M KPF6 in PC and EC (1:1 v/v) 
1 M KFSI in DME  

 
30 mAh g-1 (KPF6 in EP) and 
201 mAh g-1 (KFSI in DME) 
after 3300 cycles at 500 mA g-1 

 

178 

K1.69Mn[Fe(CN)6]0.85·0.4H2O  2 M KPF6 in diglyme 
 

53 mAh g−1 (capacity retention  
of 81%) after 30 cycles at 0.1 C 
 

179 

graphite 6.91 M KFSI/DME 
2.76 M KFSI/DME-HFE  
(1:1.90:0.95 by mol) 
 

130 mAh g−1 (6.91M) and 
~195 mAh g-1 (2.76M)  
after 300 cycles at 200 mA g-1 
 

180 

K1.93Fe[Fe(CN)6]0.97·1.82H2O  1 M KNO3 in aqueous solution 142 mAh g−1 (at 75 mA g−1) 
40 mAh g−1 (at 9A g−1) 
 

181 

KTi2(PO4)3  
  

30 M potassium acetate-based WiSE 40 mAh g−1 (capacity retention 
of 73%) after 11000 cycles  
at 1A g−1 
 

182 

KxFeyMn1-y[Fe(CN)6]w·zH2O 
cathode and PTCDI anode 

22 mol KCF3SO3 salt in water ~45 mAh g−1 (capacity retention 
of 73%) over 2,000 cycles  
at 4 C 

183 

 


	CAEJ-2020-001811_cover
	CAEJ-2020-001811_Or
	Word 书签
	OLE_LINK136
	OLE_LINK137
	OLE_LINK1
	OLE_LINK2
	OLE_LINK160
	OLE_LINK159
	OLE_LINK8
	OLE_LINK9
	OLE_LINK125
	OLE_LINK114
	OLE_LINK115
	OLE_LINK116
	OLE_LINK3
	OLE_LINK175
	OLE_LINK172
	OLE_LINK173
	OLE_LINK132
	OLE_LINK5
	OLE_LINK4
	OLE_LINK6
	OLE_LINK7
	OLE_LINK178
	OLE_LINK179
	OLE_LINK181
	OLE_LINK264
	OLE_LINK188
	OLE_LINK187
	OLE_LINK29
	OLE_LINK28
	OLE_LINK265
	OLE_LINK266
	OLE_LINK83
	OLE_LINK82
	OLE_LINK32
	OLE_LINK33
	OLE_LINK267
	OLE_LINK243
	OLE_LINK183
	OLE_LINK20
	OLE_LINK19
	OLE_LINK245
	OLE_LINK244
	OLE_LINK21
	OLE_LINK22
	OLE_LINK23
	OLE_LINK24
	OLE_LINK138
	OLE_LINK246
	OLE_LINK146
	OLE_LINK27
	OLE_LINK26
	OLE_LINK18
	OLE_LINK25
	OLE_LINK158
	OLE_LINK157
	OLE_LINK262
	OLE_LINK263
	OLE_LINK52
	OLE_LINK36
	OLE_LINK37
	OLE_LINK35
	OLE_LINK34
	OLE_LINK38
	OLE_LINK39
	OLE_LINK40
	OLE_LINK43
	OLE_LINK41
	OLE_LINK42
	OLE_LINK250
	OLE_LINK45
	OLE_LINK44
	OLE_LINK272
	OLE_LINK273
	OLE_LINK170
	OLE_LINK171
	OLE_LINK46
	OLE_LINK47
	OLE_LINK10
	OLE_LINK68
	OLE_LINK70
	OLE_LINK69
	OLE_LINK51
	OLE_LINK50
	OLE_LINK48
	OLE_LINK49
	OLE_LINK56
	OLE_LINK55
	OLE_LINK251
	OLE_LINK252
	OLE_LINK139
	OLE_LINK53
	OLE_LINK54
	OLE_LINK59
	OLE_LINK60
	OLE_LINK61
	OLE_LINK62
	OLE_LINK63
	OLE_LINK290
	OLE_LINK211
	OLE_LINK212
	OLE_LINK213
	OLE_LINK134
	OLE_LINK133
	OLE_LINK274
	OLE_LINK275
	OLE_LINK278
	OLE_LINK277
	OLE_LINK276
	OLE_LINK253
	OLE_LINK254
	OLE_LINK66
	OLE_LINK67
	OLE_LINK148
	OLE_LINK149
	OLE_LINK72
	OLE_LINK73
	OLE_LINK74
	OLE_LINK75
	OLE_LINK76
	OLE_LINK279
	OLE_LINK81
	OLE_LINK77
	OLE_LINK153
	OLE_LINK152
	OLE_LINK151
	OLE_LINK80
	OLE_LINK79
	OLE_LINK78
	OLE_LINK258
	OLE_LINK257
	OLE_LINK281
	OLE_LINK280
	OLE_LINK150
	OLE_LINK259
	OLE_LINK260
	OLE_LINK86
	OLE_LINK85
	OLE_LINK84
	OLE_LINK283
	OLE_LINK282
	OLE_LINK88
	OLE_LINK140
	OLE_LINK141
	OLE_LINK284
	OLE_LINK285
	OLE_LINK90
	OLE_LINK89
	OLE_LINK87
	OLE_LINK91
	OLE_LINK92
	OLE_LINK94
	OLE_LINK93
	OLE_LINK96
	OLE_LINK286
	OLE_LINK287
	OLE_LINK95
	OLE_LINK97
	OLE_LINK102
	OLE_LINK101
	OLE_LINK100
	OLE_LINK135
	OLE_LINK103
	OLE_LINK143
	OLE_LINK142
	OLE_LINK288
	OLE_LINK289
	OLE_LINK105
	OLE_LINK144
	OLE_LINK104
	OLE_LINK106
	OLE_LINK128
	OLE_LINK129
	OLE_LINK126
	OLE_LINK127
	OLE_LINK130
	OLE_LINK131
	OLE_LINK107
	OLE_LINK109
	OLE_LINK108
	OLE_LINK110
	OLE_LINK111
	OLE_LINK119
	OLE_LINK120
	OLE_LINK112
	OLE_LINK167
	OLE_LINK168
	OLE_LINK124
	OLE_LINK123
	OLE_LINK122
	OLE_LINK117
	OLE_LINK118
	OLE_LINK121
	OLE_LINK215
	OLE_LINK214
	OLE_LINK223
	OLE_LINK113
	OLE_LINK210
	OLE_LINK236
	OLE_LINK235
	OLE_LINK291
	OLE_LINK174
	OLE_LINK176
	OLE_LINK177
	OLE_LINK180
	OLE_LINK199
	OLE_LINK200
	OLE_LINK163
	OLE_LINK145
	OLE_LINK147
	OLE_LINK154
	OLE_LINK155
	OLE_LINK156
	OLE_LINK247
	OLE_LINK248
	OLE_LINK249
	OLE_LINK256
	OLE_LINK255
	OLE_LINK261



