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Advancements in cathode materials for
potassium-ion batteries: current landscape,
obstacles, and prospects

Titus Masese (2 ** and Godwill Mbiti Kanyolo () *°

The development of advanced energy storage technologies has assumed paramount significance in
addressing the escalating demands for sustainable and eco-friendly power sources. Amongst these innovative
technologies, potassium-ion batteries (KIBs) have risen to the fore as viable contenders, chiefly owing to their
cost-effectiveness and the abundant availability of potassium resources. Nevertheless, the realisation of
efficient and high-performance KiBs hinges significantly upon the adept design and appropriate utilisation of
cathode materials. Thus, this Perspective provides a comprehensive analysis of the present status, associated
challenges, and prospective avenues concerning cathode materials for KIBs. We commence by discussing the
significance of KIBs in the context of the global energy landscape and highlight their potential to revolutionise
energy storage systems. Subsequently, we delve into cathode materials for KIBs, emphasising their pivotal role
in determining the overall performance of these batteries. A systematic survey of the various cathode
materials explored to date is presented, primarily encompassing layered oxides, polyanion-based compounds,
Prussian analogues and organic moieties. The discussion focuses on the advantages, limitations, and
performance metrics of each material class, unveiling the critical insights gained from experimental studies
and theoretical investigations. Furthermore, this Perspective sheds light on the prominent challenges and
obstacles hindering the widespread adoption of KIBs. These challenges include issues related to limited
specific capacities, sluggish kinetics, and performance attenuation during cycling, as well as the scarcity of
suitable electrolytes. We offer an authoritative evaluation of the efforts undertaken to address these obstacles,
including novel material design strategies, advanced characterisation techniques, and the integration of
nanotechnology. Finally, we conclude with a forward-looking perspective, outlining the future directions and
potential breakthroughs in electrode materials for KIBs. We emphasise the importance of interdisciplinary
collaborations, advancements in computational methods, and fundamental research to foster the
development of high-performance and environmentally sustainable KiBs. In conclusion, this Perspective
consolidates the current state of electrode materials for KIBs whilst elucidating the challenges that need to be
overcome to unlock their full potential. By synthesising the collective knowledge from the latest research
endeavours, this Perspective aims to inspire future research and innovation in the pursuit of efficient and
scalable KIB technologies.

storage system, finding widespread usage in portable electro-
nics and scaling up to large-scale energy storage systems like

Meeting the immense energy demands of our society in a sus-
tainable and environmentally responsible manner has become
an urgent global imperative. Over the years, lithium-ion (Li-ion)
battery (LIB) technology has reigned as the dominant energy
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the electric grid, facilitating the integration of intermittent
renewable energy sources such as wind, tidal and solar
power.' Fig. 1 shows the anticipated proliferation number of
energy devices, encompassing portable electronics to large-
scale energy storage systems intended for utilisation in electric
vehicles. In this context, the applicability of rechargeable
batteries, exemplified by the present-day LIB, is projected to
be all-encompassing. However, the projected paucity and
uneven global distribution of lithium resources,” along with
the exponential growth of electric vehicles and our growing
dependency on renewable energy, have catalysed the pursuit of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Projected number of energy devices and battery size,® including those for portable electronics and large-scale energy storage in electric vehicles.
Rechargeable batteries, like the current LIB, are expected to be extensively utilised.

alternative battery systems to replace or complement commer-
cial Li-ion batteries (LIBs).

1.1 Overall significance of potassium-ion batteries

As a promising contender, potassium-ion (K-ion) batteries
(hereafter referred to as KIBs) have emerged as a viable

Titus Nyamwaro Masese is a
materials scientist specialising
in the development of functional
materials for a wide range of
rechargeable batteries, including
potassium-ion, silver, magne-
sium, and calcium battery systems.
His research encompasses a multi-
disciplinary approach, where he
leverages principles from electro-
chemistry, solid-state chemistry,
solid-state physics, and mathe-
matics. Currently, his primary
focus revolves around the in-depth
exploration of emerging phenomena and theory inherent in honeycomb
layered oxide frameworks, a class of materials that holds significant
promise not only in the advancement of energy storage technologies, but
also opening up new frontiers in fundamental science and engineering.
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alternative for energy storage,* offering a range of compelling
advantages delved into below:

1. The remarkable abundance of potassium resources in the
earth’s crust (at approximately 17 000 parts per million (ppm))
compared to lithium (at around 20 ppm) has ignited extensive
research focus on potassium-based chemistries as a promising
avenue for cost-effective grid-scale energy storage solutions. In
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quantum materials and their
applications as functional mate-
rials and analogue systems for
quantum gravity. He is currently
fascinated with geometry and
topological treatments of the
condensed matter physics and
chemistry inherent in optimised
lattices of cations within honey-
comb layered frameworks. His
research includes the charac-
terisation of peculiar electronic
properties of valence electrons and their host ions on the
honeycomb lattice, such as anomalous subvalent states and
metallophilicity. He has also leveraged his broad expertise on
honeycomb layered oxides to discovering novel high-performance
materials for renewable energy storage applications such as
potassium-ion batteries.
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reality, the Clarke’s number, a significant parameter denoting
the relative crustal abundance of elements, exemplifies the
remarkable disparity between potassium (2.3 wt%) and lithium
(0.006 Wt%).® The prevalence of potassium vastly surpasses that
of lithium, emphasising the pronounced variation in their
respective occurrences within the Earth’s crust (Fig. 2a).
Potassium-based salts are thus widely available in substantial
quantities worldwide, offering a cost advantage.” For instance,
raw materials such as K,COj3, employed as precursors for the
design of electrode materials, are not only abundant but also
more economically accessible than Li,CO;. Additionally, potas-
sium resources are more evenly distributed across the globe,
eliminating concerns about geopolitical constraints that can
impede the supply of lithium. Thus, the sustainable nature
of potassium-based alternatives becomes evident, providing a
compelling rationale for their exploration in energy storage
applications;

2. Potassium possesses electrochemical properties that are
notably similar to lithium:®

(a) In fact, a potassium-ion battery operates on a mechanism
that closely resembles that of a lithium-ion battery (Fig. 2b),
wherein potassium ions shuttle between the electrodes through
the electrolyte during the charging and discharging processes,
in what was initially referred to as a ‘shuttle’ or ‘rocking-chair’
battery technology.

Like other rechargeable batteries, the potassium-ion battery
(KIB) comprises an ionically conductive electrolyte containing a
potassium-based salt, two current collectors (one negative and

Clarke number
gerrestrial abundance)

2.40
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one positive), a separator and two electrodes with distinctive
chemical potentials. The positive electrode can be constructed
using diverse materials, such as layered oxides (e.g., K,CoO,,
KCrO,, etc.),”™ polyanion compounds (e.g., KVPO,F, KFeSO,F),">*°
organic compounds (e.g., poly(anthraquinonyl sulphide (abbreviated
as PAQS)),”**' polyaniline (PANI),*> 3,4,9,10-perylene-tetra-
carboxylic acid-dianhydride (commonly referred to as Pigment
Red 224 (C,4HgO¢) and abbreviated as PTCDA),* etc.), as
well as Prussian analogues (e.g, K,MnFe(CN)s, K,FeFe(CN)s,
K,NiFe(CN)g, etc.).>*>* Conversely, the negative electrode can be
constituted of carbonaceous materials such as graphite, which
stands as a prevalent choice due to its proficient facilitation of
reversible extraction/insertion of K-ions. As for the electrolyte,
customary formulations comprise mixtures of organic carbonate
solvents, such as diethyl carbonate or ethyl carbonate, in con-
junction with non-coordinating anion salts, prominently exempli-
fied by potassium hexafluorophosphate (KPFg), potassium
bis(fluorosulphonyl)imide (KN(SO,F), (typically abbreviated as
KFSI or KFSA)), potassium trifluoromethanesulphonate (KCF;SO;
(KOTY)), potassium (3-methoxypropyl)((trifluoromethyl}-sulphonyl)-
imide (abbreviated as KMPSA) and potassium bis(trifluoro-
methanesulphonyl)imide (KN(CF3SO,), (KTFSI or KTFSA)).
A slender separator film, designed from insulation material,
serves to efficaciously segregate the two electrodes, thereby
preventing the occurrence of an internal short circuit.

During the charging phase, a cathodic oxidation half-reaction
occurs at the positive electrode (cathode), where a positively
charged external power source facilitates the extraction of
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(a) Abundance of potassium resources. (b) Schematic representation of the operation mechanism of potassium-ion battery (KIB), wherein the

positive electrode consists of, for instance, layered oxide, and the negative electrode comprises graphite. Analogous to other secondary battery systems
(rechargeable batteries), such as those involving lithium ions, the potassium ions efficiently traverse between the electrodes via the electrolyte. (c) Stokes
radii of solvated states of alkali metal cations. (d) Arrhenius plots showing the ionic conductivity of pyrrolidinium-based ionic liquid electrolytes based on
1-methyl-1-propylpyrrolidinium bis(trifluoromethanesulphonyllamide (abbreviated as Pyr;3sTFSA or Pyry3TFSI) ionic liquids dissolved in KTFSA (KTFSI),
NaTFSA and LiTFSA alkali metal salts.® Figure (d) reproduced from ref. 5 with permission. Copyright 2019 Wiley-VCH.
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electrons from the potassium atoms within the cathode mate-
rial (e.g., KCrO,). Subsequently, these extracted electrons direct
potassium ions (K) through an external circuit to the negative
electrode (anode) (e.g., graphite). This process engenders an
electrical disequilibrium within the cell, prompting the migra-
tion of potassium ions through the electrolyte towards the
negatively charged anode. The layered structure of loosely
bonded graphene sheets in graphite facilitates a reduction
half-reaction, enabling the intercalation of potassium ions into
its layers and leading to the formation of potassiated graphite
(KCg) in a phenomenon known as potassiation or potassium
intercalation/insertion. This potassiation process continues
until the graphite achieves full potassiation, resulting in the
maximal electrical potential difference between the two electro-
des, commonly referred to as the fully charged state. In the
discharge process, a converse sequence occurs. Electrons liber-
ated from the graphite anode travel back to the cathodic side,
compelling the departure of K" from the potassiated graphite in
a process referred to as depotassiation or potassium de-
intercalation/extraction. Concurrently, potassium ions traverse
the electrolyte and recombine with the cathode material. This
discharge process persists until the graphite is entirely depo-
tassiated, leading to the diminishing of the potential difference
between the two electrodes to the minimum voltage level.

(b) Potassium-ion batteries can benefit from the utilisation
of electrolyte formulations similar to those used in lithium-ion
batteries. For instance, electrolytes such as potassium hexa-
fluorophosphates (KPFs), where potassium replaces lithium in
conventional LiPF¢-containing electrolytes, can be effectively
employed. This compatibility extends to other battery compo-
nents as well, allowing for the use of graphite and similar
materials utilised in the production line of commercial lithium-
ion batteries. As a result, the adoption of potassium-ion
batteries not only benefits from existing manufacturing infra-
structure but also offers potential cost reductions, making
potassium-ion technology a promising ‘drop-in’ post-lithium-
ion technology.

3. In its solvated state, potassium-ion exhibits a smaller
Stokes radius compared to solvated lithium (Fig. 2c). This is
primarily due to the larger ionic radius of K" ions compared to
Li" and Na® ions.>” As a result, K" ions experience reduced
solvation compared to Na" and Li" ions, resulting in a smaller
radius for solvated K" ions. This characteristic leads to weaker
Lewis acidity for potassium and facilitates the faster movement
of solvated K-ions in electrolytes containing potassium salts
(Fig. 2d). The comparatively larger ionic radius of K* (e.g., 1.38 A
when coordinated octahedrally with ligands) compared to Li"
(0.76 A) results in a smaller Stokes radius for K" when solvated
in propylene carbonate,®® as illustrated in Fig. 2c. Conse-
quently, K" exhibits low desolvation energies and enhanced
ionic mobility in electrolytes (Fig. 3).*° Indeed, a comparative
analysis of the ionic conductivity in K-based electrolytes as
opposed to Na- and Li-based counterparts (e.g., APFg in propy-
lene carbonate, APF; in ethylene carbonate: dimethyl carbo-
nate, and AFSI in propylene carbonate, where A = K, Na, Li)
demonstrates that K-based electrolytes exhibit the highest ionic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Desolvation energy values of K*, Na*, and Li* in typical organic
solvents. Abbreviations: dimethyl formamide (DMF), butylene carbonate
(BC), trimethyl phosphate (TMP), vinylene carbonate (VC), fluoroethylene
carbonate (FEC), ethyl methyl carbonate (EMC), propylene carbonate (PC),
diethyl carbonate (DEC). The data was derived from ref. 35 and 36.

conductivity, primarily attributed to the weak Lewis acidity of
the K" ions.**™** Furthermore, the similarities in chemistries
between K' and Li' ions enable the utilisation of well-
established Li-based electrolyte compositions as analogues,
which have been instrumental in the exploration of high-
performance K-based electrolytes.

4. Potassium demonstrates a similar or even lower standard
redox potential than lithium in non-aqueous electrolytes com-
monly used in conventional batteries,** paving the way for
potentially high-voltage battery systems. Notably, nature itself
has chosen potassium ions as charge carriers for transmitting
synaptic impulses, whilst electric eels employ a combination of
potassium and sodium ions in ‘potassium pumps’ to generate
remarkably high voltages. From a technical perspective, the
electrode potential of K/K' relative to the standard hydrogen
electrode (SHE) (at —2.93 V vs. SHE for K/K') is comparable to
that of Li"/Li (at —3.04 V vs. SHE for Li/Li*) in aqueous solvents.
Furthermore, in certain non-aqueous solvents, K'/K exhibits
slightly more negative redox potentials than Li'/Li (Fig. 4),
resulting in higher voltage outputs and contributing to
enhanced energy density in potassium-ion batteries.

5. Graphite, a commonly used anode material in commercial
LIBs, can also serve as a direct anode material in KIBs (Fig. 5a).
Remarkably, potassium ions can be reversibly inserted and
extracted from graphite due to the inherent stability of the
potassium-graphite compound (KCg).**™*° This unique charac-
teristic enables the seamless utilisation of the well-established
battery processing systems originally designed for LIBs in the
context of KIBs. As a result, the transition and utilisation of
graphite-based anodes become significantly easier and more
efficient for KIBs compared to other rechargeable battery
systems. Graphite anode demonstrates a reversible capacity,
amounting to approximately 372 mA h g~ " in a Li cell, attrib-
uted to the formation of LiCe through a series of transitional
stages: C <> LiC,; <> LiCs;g <> LiC;, <> LiCe. In contrast,
whilst negligible capacity is observed in a Na cell, K can be
efficiently and reversibly inserted into graphite in a K cell
(as illustrated in Fig. 5a and b). Reversible capacities commensurate

Energy Adv.,, 2024, 3, 60-107 | 63
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Fig. 4 (a) Alkali metal dissolution/deposition potential in organic solvents.

Data plotted from ref. 43. (b) Alkali metal dissolution/deposition potential
in pyrrolidinium-based ionic liquid electrolytes. Figure (b) reproduced and
adapted from ref. 5 with permission. Copyright 2019 Wiley-VCH.

with the theoretical capacity of 279 mA h g~ are commonly
achieved in K cells (Fig. 5c), aligning closely with the reversible
formation of stable KCg through a series of transitional stages that
are yet polemical:*’ C «<» KCsg <> KCypy <> KCg™® or C <> KCypy <>
KCi6 < KC849 or C <> KGCgy <> KCyg <> KC36 <> KC,y/KCyg <>
KCg™ or C <> KCyqg <> KCz6 <> KCypy <> KCg*' or C > KCqy >
KC,, <> KCzs <> KC3¢/KCpy <> KC,y <> KCg.? It is indeed
pertinent to note that these translational stages occur concurrently
with graphite intercalation compounds manifesting electrochro-
mism (Fig. 5d), thereby introducing novel applications of K'
intercalation/de-intercalation electrochemistry within the realm of
electrochromic device technologies. Moreover, potassium graphite
intercalation compounds, namely KC,,, (where n = 2, 3, 4), KCs, etc.
can be synthesised through potassium-vapour-based methods, but
an alternative approach involves a facile and scalable procedure
achieved by combining graphite powder and potassium metal (with
sodium as a catalyst) at room temperature (Fig. 5d). Hence,
graphite, being an unquestionably inexpensive and extensively
utilised anode material in commercial LIBs, can be readily adapted
as an anode in KIBs. This noteworthy compatibility implies that the
existing infrastructure and supply chain used for manufacturing
graphite electrodes in LIBs can be smoothly transitioned to KIBs,
thereby facilitating the commercial deployment of KIBs. Graphite
can be envisaged as a widely employed anode material in KIBs,
owing to its advantageous attributes, including low operation
potential, high electronic conductivity, and significant volumetric
and gravimetric capacities. The relatively low operation potential of

64 | Energy Adv, 2024, 3, 60-107
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graphite in KIBs (approximately 0.3 V versus (vs.) K/K', slightly
higher than that in Li-cell as shown in Fig. 5a and c) enables the
utilisation of the full cell voltage when combined with suitable
high-voltage cathode materials. Additionally, this characteristic
may mitigate the formation of dendritic potassium metal, a
phenomenon typically observed at lower potentials (near 0 V vs.
K/K"). Furthermore, K/graphite cells have demonstrated superior
rate capabilities compared to Li/graphite cells. Consequently, it
becomes feasible to design a KIB system with essentially the same
material configuration as current LIBs but with a higher power
density.

6. Aluminium exhibits electrochemical alloying with
lithium, forming B-LiAl, when employed as a current collector
for the anode in lithium-ion batteries. However, when utilised
as a current collector on the anode side of potassium-ion
batteries, aluminium does not undergo the same electro-
chemical alloying reaction.** As a result, aluminium foil can
be utilised as the current collector for the anode in potassium-
ion batteries, eliminating the need for expensive copper foils
used in the anode side of lithium-ion batteries. This utilisation
of low-cost aluminium solely as the current collector in the
anode side of potassium-ion batteries not only reduces costs
but also decreases the weight of large battery packs. Notably,
aluminium boasts a significantly lower density (2.7 g cm™?) in
comparison to copper (8.96 g cm™?).

7. In contrast to lithium atoms, potassium atoms exhibit a
broader range of coordination geometries with elements like
oxygen. This characteristic gives rise to a greater diversity of
potassium-based compounds, particularly inorganic com-
pounds, offering a wider array of functionalities compared to
lithium-based compounds. Furthermore, potassium-based
layered oxides can accommodate potassium-deficient or non-
stoichiometric compositions whilst maintaining stability,>*™*%
which is not commonly observed in lithium-based layered
oxides. For instance, the commercially utilised LiCoO, layered
oxide cathode material cannot exist in a stable lithium-deficient
form, such as LiysC00,. However, related potassium-deficient
layered oxides, such as K;3C00,, Ky5C00,, Kqs,C00,, and so
on, can be formed as stable materials. This implies that
potassium-based compounds offer a vast landscape of battery
materials with diverse electrochemistries.

1.2 Objective and scope of the perspective

Due to the aforementioned advantages, research on potassium-
ion batteries (KIBs) has gained significant traction in recent
years. Given the larger size of K ions in comparison to both Na*
and Li", considerable research efforts have been dedicated to
designing electrode materials that can efficiently accommodate
the reversible extraction/insertion of these larger K" ions. This
Perspective presents a comprehensive overview of the progress
in non-aqueous KIBs, with a primary focus on high-voltage
cathode materials, whilst addressing the challenges that
necessitate resolution. Perspectives and directions for the
development of high-performance cathode materials in KIBs
are also provided, drawing insights from relevant literature and
our collective expertise. Additionally, we summarise effective

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electrochemical Na*, K* and Li* insertion/extraction behaviour in graphite. (a) Voltage—(dis)charge curves of graphite in an electrochemical Li,
Na, K half-cell setups. (b) Differential capacity-potential plots of graphite in a Li half-cell and K half-cell showing peaks that correspond to the staging

processes. (c) Voltage—(dis)charge profiles of graphite in a K half-cell (1C

= 279 mA g73). (d) Photographs of LiCy,, LiCs, KCyon (n = 2, 3, 4), KCg, and

graphite pellets. Potassium graphite intercalation compounds display distinct colour with varying potassium content, suggesting that the electrochemical
potassiation/depotassiation of graphite could have implications in electrochromic applications. Figure (b) reproduced from ref. 42 with permission.
Copyright 2020 American Chemical Society. Figure (d) reproduced and adapted from ref. 53 with permission. Copyright 2023 Wiley-VCH.

strategies to enhance the electrochemical performance of both
electrodes and electrolytes. Ultimately, we deliberate on the
prospects for achieving high-performance non-aqueous KIBs.
The Perspective aims to offer a holistic view and valuable
guidance for researchers engaged in the pursuit of materials
for high-voltage (and consequently, high energy density) non-
aqueous KIBs. It is worth noting that, as of the present, there
exists no universally standardised abbreviation for ‘“potassium-
ion battery” in the literature. Various publications have
employed either “PIB” or “KIB” as the abbreviated form for
‘“potassium-ion battery”. Given the substantial volume of
research papers adopting the abbreviation “KIB” across numer-
ous scientific databases, in this Perspective, we shall abbreviate
‘“potassium-ion battery” as ‘“KIB”.

2 High performance cathode materials

Cathode materials for KIBs can be classified broadly into four
main groups: (i) Prussian analogues,>*>° (ii) organic com-
pounds, (iii) polyanion-based compounds, and (iv) layered
oxides and chalcogenides."® "% 1In addition, perovskite

© 2024 The Author(s). Published by the Royal Society of Chemistry

compounds (such as K(Mn ¢5Nig o5)F3), conversion compounds
(such as CuSO,) and tunnel-structured compounds (such as
cryptomelane-type KMngO,¢) have emerged,"**™"* albeit less
explored. Fig. 6 illustrates the average voltages attained by
various cathode materials, along with their theoretical specific
capacities. Hereafter, we will provide a concise summary of the
advancements made in the development of high-voltage cath-
ode materials for KIBs, with a particular emphasis on the
strengths and weaknesses observed within each category of
developed cathode materials.

2.1 Prussian analogues

Potassium-based Prussian analogues are hexacyanometallate
compounds,>*~>*
polymers formed by reacting transition metal cyanometallates
with potassium ions. These compounds possess open three-
dimensional (3D) crystalline frameworks and can be repre-
sented by the chemical composition K,L[L'(CN)e];_p-cH,O
0 <a<20<bhb<1c>0),where L and L' represent

comprising cyanide-bridged coordination

various transition metals like Zn, Cu, Ni, Co, Fe, Cr, and Ti, or
alkaline-earth metals such as Mg, coordinated to cyano groups.
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Fig. 6 Ragone plots of representative cathode materials for potassium ion batteries. Figure adapted from ref. 114 with permission.

Both L and L’ are typically redox-active, and the fraction of
[L'(CN)e] vacancies is denoted as b. By selecting different
combinations of L and L', along with the concentration of
interstitial potassium ions, the electrochemistry of Prussian
analogues can be tailored for various performance metrics. The
structure of a representative hexacyanoferrate, such as
K,MnFe(CN)s, is shown in Fig. 7a, demonstrating an open
channel structural framework where Fe and Mn are coordi-
nated with C and N, respectively. The open 3D framework
structure of Prussian analogues facilitates the easy diffusion
of large K-ions, resulting in fast rate capabilities. These com-
pounds have drawn attention owing to their scalable synthesis,
high redox potential, and high theoretical capacity. For
instance, K,FeFe(CN)¢ exhibits a theoretical capacity of 155

mA h g7, based on the following two-electron reactions:
K,Fe*'[Fe®"(CN),] < KFe*'[Fe* (CN)e] + K'+e~, (1a)
KFe*'[Fe*"(CN)g] <« Fe’'[Fe’"(CN)¢] + K'+e™. (1b)

A significant majority of Prussian analogues, such as K-
MnFe(CN)g,'*® K,FeFe(CN)g, 4201157118 K,CoFe(CN)g,**
K,NiFe(CN)g,>*""*® K,Fe(CN),,"*° and others, demonstrate nota-
bly high voltages, reaching up to 4 V. These voltages surpass
those achieved by their lithium- and sodium-containing coun-
terparts, such as Li,MnFe(CN)s, Na,MnFe(CN)s, Li,FeFe(CN)
and Na,FeFe(CN), (Fig. 7b)."*''?> Additionally, Prussian blue
analogues exhibit theoretically high gravimetric capacities, as
depicted in Fig. 6, which have been experimentally realised.
Consequently, Prussian analogues hold immense promise as
cathode materials, particularly for high-energy-density KIBs.
K,Mn[Fe(CN)s] and K,Fe[Fe(CN)s] demonstrate remarkable
electrochemical performance within the Prussian analogues
(as shown in Fig. 7c—f). This is attributed to the elevated
Mn*/Mn*" redox potential, which contributes to the superior
characteristics of K,Mn[Fe(CN)s] and its related derivatives.
These materials showcase impressive capacities, exceeding

66 | Energy Adv, 2024, 3, 60-107

130 mA h g~ ', and maintain high average discharge voltages
in the range of 3.8-3.9 V versus K/K'. Consequently, they exhibit
a relatively high energy density comparable to conventional
cathode materials for lithium-ion batteries, such as LiCoO,.
However, it should be noted that the presence of high-spin
Mn*" (which is Jahn-Teller active) in K,Mn[Fe(CN),] introduces
structural distortions during successive K extraction/insertion
cycles. This phenomenon results in K,Mn[Fe(CN)¢] experien-
cing multiple phase transitions, as evidenced by the following
transformations: K,Mn>'[Fe*’(CN)s] (monoclinic phase) «»
KMn”*[Fe**(CN),] (cubic phase) <> Mn**[Fe*"(CN),] (tetragonal
phase).*> These structural changes compromise the cyclability
of the material. In contrast, K,Fe[Fe(CN)s] and its related
derivatives, characterised by high-spin Fe** and low-spin Fe*",
exhibit minimal Jahn-Teller distortion. As a consequence, they
display robust cycling stability, which is highly desirable for
practical applications.

Further advantages of Prussian blue analogues include facile
synthesis, non-toxicity, and rapid rate capability.”> Moreover,
stable electrochemical performance in non-aqueous electrolytes
can be achieved with Prussian analogues, provided that their
water content, defects, and particle morphologies are carefully
controlled.

However, similar to organic compounds (discussed subse-
quently), Prussian analogues also exhibit low material densi-
ties, typically below 2 g em™?, which significantly limits their
achievable volumetric capacity. Whilst improving their volu-
metric capacities presents challenges, Prussian analogues,
along with organic compounds, may find valuable applications
in energy storage where volumetric energy density is of lesser
importance. Furthermore, a significant scholarly effort is cur-
rently dedicated to addressing a dual set of concerns: water and
[Fe(CN)s]*~ vacancies. Whilst the intricate role of water in the
electrochemical performance of Prussian analogues is well
acknowledged, [Fe(CN)¢]'~ vacancies are believed to exert a
deleterious impact on their maximal capacity and structural
integrity. This is attributed to their reduction of potassium

© 2024 The Author(s). Published by the Royal Society of Chemistry
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performance. Figure (b) reproduced with permission from ref. 42. Copyright 2020 American Chemical Society. Figures (c)-(f) reproduced with

permission from ref. 115. Copyright 2017 Royal Society of Chemistry.

occlusion capacity and the availability of redox-active Fe>'.
To date, the most outstanding performers amongst Prussian
blue cathode analogues are those characterised by particles on
the nanometric scale (nanoparticles), coupled with minimised
[Fe(CN)g]*~ vacancies.™®

On a different note, the safety considerations, encompassing
aspects such as toxicity and thermal stability, remain inade-
quately understood. It can be contended that significant ther-
mal runaways and the liberation of O, gas are unlikely to occur
in the utilisation of Prussian blue analogues (such as
K,MnFe(CN)y) within large-scale battery configurations, given
their sole incorporation of cyanide ligands. Nonetheless, the

© 2024 The Author(s). Published by the Royal Society of Chemistry

decomposition of Prussian blue analogues does lead to the
formation of cyanogen and hydrogen cyanide as byproducts.'*®
Therefore, a more comprehensive inquiry into their safety and
thermal stability becomes imperative.

2.2 Organic compounds

Organic-based cathode materials have attracted substantial
interest due to their cost-effectiveness and environmentally
friendly nature.*>'3¥'° These materials consist of Earth-
abundant elements, such as hydrogen, carbon, oxygen, and
sulphur, which have a minimal environmental impact."*° More-
over, the relatively low atomic weight of the constituent
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elements bestows organic moieties with theoretically high
gravimetric capacities. Additionally, organic compounds pos-
sess flexible molecular structures, enabling them to easily
accommodate the facile and reversible insertion/extraction of
large potassium-ions, thus facilitating fast potassium-ion
kinetics."*' Furthermore, the tunability of organic molecules
allows for easy functionalisation to adjust their redox electro-
chemistry, making them versatile for various battery applica-
tions. Furthermore, the capability of reversibly inserting/
extracting not only cations but also anions in organic molecules
extends their potential applications to other high-voltage energy
storage systems, such as potassium dual-ion batteries.'**

A diverse array of organic compounds has been system-
atically designed and effectively demonstrated to enable the
reversible insertion/extraction of K-ions, showcasing consider-
ably higher capacities when compared to cathode materials like
layered sulphides, layered oxides, polyanion-based compounds,
and Prussian analogues. Organic compounds, including poly-
(anthraquinonyl sulphide),®® perylene-3,4,9,10-tetracarboxylic
dianhydride, poly(pentacenetetrone sulphide),'*” etc.,"*"**?
have been extensively investigated as high-capacity cathode
materials, showing promise as contenders for flexible KIBs
with stable cycle performance. However, most reported organic
materials have low average voltages, typically below 3 V, leading
to reduced specific energy densities. Imides, anhydrides, qui-
nones, and pyrazinyl compounds are pursued for enabling K*
insertion/extraction through n-type reactions (Fig. 8). These
materials accept electrons from electrolytes whilst facilitating

cation insertion anion insertion
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Fig. 8 Voltage attained from representative organic cathode materials
for potassium-ion batteries. For the sake of clarity, we hereby present the
chemical names of each organic moiety as follows. [a] PPTS (poly(-
pentacenetetrone  sulphide)),’?” [b] TAPQ (57,12,14-tetraaza-6,13-
pentacenequinone),’®® [c] PAQS (poly(anthraquinonyl sulphide)),?
[dl PTCDA (3,4,9,10-perylene-tetracarboxylic acid dianhydride),?® [e]
QTTFQ ((2,3)-(6,7)-bis(1,4-dioxo-1,4-dihydrobenzo)tetrathiafulvalene),*?
[fl PANI (polyaniline),*° [g] PTMA (poly(2,2,6,6-tetramethylpiperidinyloxy
methacrylate)),*¥**2  [n] PDPPD  (poly(N,N’-diphenyl-p-phenylened-
iamine)),*** [i] PTPAN (polytriphenylamine),*** [jl p-DPPZ (poly(N-phenyl-
5,10-dihydrophenazine)),**® and [kl PVK (poly(N-vinylcarbazole)).**® Fig-
ures reproduced with permission from ref. 137. Copyright 2021 Royal
Society of Chemistry.
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K' cation insertion. However, their n-type redox reactions
usually occur at voltages below 3 V, compromising the energy
densities of KIBs. To enhance electrochemical performance,
molecular fine-tuning is considered to elevate the voltages of
organic moieties that undergo n-type redox reactions. It is
worth noting that not all organic electrode materials solely
undergo K" insertion/extraction through n-type redox reactions.

Other organic materials can exhibit high voltages through
p-type reactions, losing electrons alongside anion insertion/
extraction during battery operations. For example, conductive
polymers*”"**® like polyaniline and polypyrrole undergo p-type
reactions, leading to higher voltages compared to organic
materials that undergo n-type redox reactions. Amine-derived
polymers (such as poly(N,N’-diphenyl-p-phenylenediamine)
(PDPPD), polytriphenylamine (PTPA), poly(N-phenyl-5,10-
dihydrophenazine) (p-DPPZ), etc.) exhibit significant
potential as viable organic cathode materials, owing to their
inherent capacity to potentially yield high specific capacities,
coupled with favourable discharge potentials approximating
~4 V, high (dis)charging rates, and good cyclability. Fig. 9
illustrates the electrochemical performance of polyarylamine
poly(N-phenyl-5,10-dihydrophenazine) utilising a meticu-
lously tailored electrolyte composition, resulting in the
attainment of exemplary performance parameters.'*® Nota-
bly, polyarylamine poly(N-phenyl-5,10-dihydrophenazine)
exhibits high power and energy density concomitant with
good cyclability, thereby establishing crucial foundational
criteria warranting contemplation for its prospective practi-
cal applications. Polycyclic aromatic hydrocarbons (Fig. 10)
have also been extensively investigated for their p-type reac-
tions and show promise as high-voltage organic cathode
materials for potassium dual-ion batteries. In fact, organic
compounds such as coronene (Fig. 11a), polyaniline, etc.,
which function via the insertion of anions (e.g., C10,~, PFs ",
FSI™, TFSI™, etc.), demonstrate voltages reaching 4 V, posi-
tioning them as high-voltage cathode candidates for potas-
sium dual-ion batteries. Furthermore, the abundance of
polycyclic aromatic hydrocarbons, exemplified by com-
pounds like coronene,"*” and their utilisation in the scalable
synthesis of carbonaceous anode materials, such as graphite,
amplify the feasibility of high-voltage dual-ion batteries
incorporating polycyclic aromatic hydrocarbons as cathodes
coupled with graphite anodes. This innovative approach
presents a promising avenue for the development of sustain-
able energy storage systems exclusively based on hydrocar-
bons, ushering in a greener and more environmentally
conscious energy landscape.

A significant drawback associated with the utilisation of a
majority of organic compounds is their tendency to undergo
dissolution into the electrolyte, necessitating the careful selec-
tion of compatible electrolytes (such as highly concentrated
electrolytes or ionic liquids) and the adoption of special syn-
thetic routes (e.g., oligomerisation or polymerisation)."*°
Furthermore, a majority of organic compounds tend to exhibit
low electronic conductivity. To address this issue, nanosizing
of organic compounds and the use of special synthetic routes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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supertriphenylene,*** superphenalene***** and circumcoronene
which can operate at high voltages via the insertion/extraction of anions
such as PFg~, BF,~, FSI™, TFSI™, etc.

(including
145,146

(e.g., in situ polymerisation) can be envisaged to enhance their
electronic conductivity."*° Additionally, hybrid materials based
on the fusion of inorganic and organic components, such as
K,[(VO),(HPO,),(C,04)]**° and K,[(VOHPO,),(C,04)]**° metal-
organic phosphates, have demonstrated not only high voltages

© 2024 The Author(s). Published by the Royal Society of Chemistry

(reaching up to 4 V) but also fast rate capabilities. Despite the
fact that the theoretical capacities of these hybrid materials
may be lower than those of pure organic compounds, their
exceptional fast rate capabilities and high voltage render them
as ideal cathode candidates for the development of high-
performance 4 V-class KIBs. However, it is important to note
that, similar to Prussian analogues, organic compounds also
share the intrinsic drawback of having low tap density (material
density), significantly impacting their volumetric energy
densities.

Nonetheless, opportunities for improvement persist, parti-
cularly in the pursuit of organic molecules with precisely
tailored structures that can be engineered into high-capacity
cathode materials. An example of such promise (albeit necessi-
tating caution in handling) appears to lie in trinitroaromatic
salts, such as CgH,(NO,);0K which present as nitro-rich
organic cathode materials with elevated discharge capacity
and voltage due to the strong delocalisation effect between
aromatic rings and -NO,."*' Theoretical calculations predict
that C¢H,(NO,);0K (potassium picrate) undergoes a 6-electron
charge-transfer process, resulting in a high discharge capacity
of 606 mA h g ' Octahydroxytetraazopentacene, with a
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Society of Chemistry.

theoretical capacity of close to 520 mA h g™ ", has been experi-
mentally reported as a high-capacity organic material.**> Addi-
tionally, bipolar organic molecules like tetrathiafulvalene,
which enable reversible insertion/extraction of both anions
and K" (e.g., TFSI, FSI", PF,, etc.), can be further explored
as high-capacity materials. Fig. 11b shows the electrochemical
performance of (2,3)-(6,7)-bis(1,4-dioxo-1,4-dihydrobenzo)tetra-
thiafulvalene (QTTFQ) which operates via both the p-type and
n-type reactions to attain high capacity.'** Moreover, a wide
range of organic materials, including N-containing heteroa-
tomic compounds, organosulphur compounds, quinone/phen-
oxide derivatives, carbonyl compounds, polymeric arylamines,
and conductive polymers, hold potential for investigation to
design cathode materials with both high capacity and high
voltage.**">*™7 Furthermore, the pursuit of organic mole-
cules with high rate capability and electronic conductivity can
be anticipated, for instance, through the use of (i) conjugated
polymer poly(quinones) with electron-withdrawing groups and
(ii) m-conjugated aromatic compounds comprising heteroatoms
(such as S, N, and O) with lone electron pairs.

2.3 Polyanion-based compounds

Polyanion-based materials share a similar open three-
dimensional (3D) framework with Prussian analogues, charac-
terised by metalloid or non-metal atoms coordinated with
oxygen atoms to form polyhedral units.">® The polyhedral units
embody a composition of (40,)"", with A representing elements
such as Si, S, P, Ge, As, B, Mo, W, etc., and n varying from 2 to
higher values. These (40,)"” polyhedra intricately interlink
with polyhedral units of transition metal atoms (LO,)" ", where
‘a’ represents an integer such as 4, 5, 6, and so forth, and ‘L’
denotes a transition metal like Ni, Co, Mn, Fe, etc. This
arrangement generates voids within the structure, which serve
as sites for accommodating or facilitating the movement of
potassium ions. The 3D arrangement of K-ions with polyanion
units reduces the effective K'-K" repulsion strength, leading to
an elevated working voltage.'>® Polyanion-based compounds
have undergone extensive investigation in both sodium and
lithium-ion batteries, and their material compositions have

70 | Energy Adv, 2024, 3, 60-107

served as a basis for designing polyanion cathode materials
for KIBs. Fig. 12 shows crystal structures of representative
polyanion cathode materials for potassium-ion batteries. The
inherent open structure of polyanion-based compounds facil-
itates rapid diffusion of K* ions and effectively accommodates
the significant volume changes that occur during the insertion
and extraction of large K-ions. Moreover, polyanion-based
materials showcase remarkable thermal stability, making them
exceptionally suitable as cathode materials for a wide range of
battery applications, spanning from intermediate to high-
temperature operations. Notably, they demonstrate theoreti-
cally high voltages, with some exceeding 4 V, along with high
gravimetric capacities. The high voltage is attributed to a
reduction in the covalency of the A-O bonds, a consequence
of the pronounced covalent nature of the L-O bonds. This
phenomenon (or what is referred to as ‘inductive effect’)**° is
contingent upon the electronegativity of the transition metal
‘L’, leading to an augmentation in the redox voltage of the
transition metal L ions. Additionally, their material density is
relatively higher, generally surpassing 2.5 ¢ cm ™ compared to
organic compounds and Prussian analogues.

Polyanion-based frameworks, exemplified by KFeSO,F,
KCuSO,F, KVPO,F,'®'® KVOPO,,'® amongst others, boast higher
material densities, typically ranging from 2.5 to 3.5 g cm ™ and
exhibit high voltages, reaching up to 4 V and even surpassing 4 V
in KIBs. Fig. 12 shows crystal structures of representative poly-
anion cathode materials for KIBs. Their synthesis protocols involve
the use of cost-effective salt precursors and appear to be relatively
straightforward. For instance, KFeSO,F and related compositions
can be synthesised via a solid-state reaction at intermediate
temperatures (300-400 °C), yielding various polymorphs: KF +
FeSO,F — KFeSO,F."” KVPO,F can be synthesised at slightly
higher temperatures through the following reaction: KF +
VPO, — KVPO,F.'*®

KVPO,F, characterised by its specific crystal structure with
an open framework of KTiOPO,-type (Fig. 12), allowing for
rapid diffusion of K" ions, has emerged as a widely investigated
polyanion-based cathode material. It exhibits the ability to
reversibly release nearly one K per formula unit, equating to
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Fig. 12 Selected crystal structural frameworks of polyanion-based compounds. (a) Pyrophosphates and pyrovanadates, (b) KTiOPO,4 and derivative
compounds, (c) cristoballite-type orthosilicates, orthogermanates and orthotitanates, and (d) fluorosulphates. Unit cells are highlighted in black boxes.

approximately 131 mA h g, at an average potential of
4.02-4.3 V."®'° Consequently, KVPO,F offers a material-level
specific energy density of 527