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Abstract

Rechargeable potassium-ion batteries (KIBs) are potential alternatives to lithium-ion batteries for application in large-scale
energy storage systems due to their inexpensive and highly abundant resources. Recently, various anode materials have
been investigated for use in KIBs, especially the traditional graphite anodes which have already been successfully applied
in KIBs. In contrast, the appropriate cathode materials which are able to accommodate large K ions are urgently needed. In
this review, a comprehensive summary of the latest advancements in cathode materials for non-aqueous KIBs in terms of
capacity, cycle life and energy density will be presented, as well as K-storage mechanisms. In addition, various strategies to
improve K-storage performance will be provided through combining insights from the study of material structures and proper-
ties and thus bring low-cost non-aqueous KIBs a step closer to application in sustainable large-scale energy storage systems.
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PACS 82.45.Fk Electrodes - 88.80.F- Energy storage technologies - 88.80.f Batteries

1 Introduction

With increasing energy demands and environmental pollu-
tion caused by fossil fuel consumption, the utilization of
various regenerative and clean energy sources, including
wind, solar and wave, has rapidly increased over the years.
However, this growing utilization of renewable energy cre-
ates a new set of challenges because the intermittent nature
of such renewable resources makes direct integration into
electrical grids difficult. To remedy this, the use of large-
scale energy storage system (ESS) is widely considered to
be an effective approach [1-3], in which ESSs can reserve
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and manage peak load energies from large solar power plants
and wind power stations and smoothly and safely deliver
stored energy into smart grids when consumption exceeds
generation (schematically demonstrated in Fig. 1) [4]. In
addition, various potential techniques, such as pump hydro,
compressed air and fly wheel have been proposed for appli-
cation in EESs [5-7], and electrochemical batteries appear
to be the most promising due to appealing features such as
long cycle lives, low memory effects, flexibility and simple
maintenance [8-12].

Up to now, the use of lithium-ion batteries (LIBs) has
evolved from portable electronics to electric/hybrid electric
vehicles and has been predicted to be promising in future
energy storage systems due to high energy densities [13-15].
However, most untapped lithium reserves are distributed in
remote or politically sensitive areas and increasing demands
on lithium resources will significantly increase LIB prices
[16—18], making LIBs less cost-effective for ESSs. Because
of this, researchers have recently shifted focus to batteries
operating on low-cost and earth-abundant elements such as
Na, K, Mg, Ca and Al (Table 1), which are extremely favora-
ble for EESs [19-23]. And among these, potassium-ion bat-
teries (KIBs) have generated particular interest as alterna-
tives to LIBs because of the low standard potential of K/K*
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(—=2.92 V vs. SHE) and the high abundance of potassium
as a resource. Moreover, because solvated K ions possess
a smaller Stokes radius, K electrolytes are characterized by
higher ionic conductivities as compared with Li and Na elec-
trolytes [24, 25]. Another advantage of KIBs is that graph-
ite can achieve highly reversible deintercalation of K ions,
meaning that KIBs are compatible with the well-established
graphite anode industry in place of LIBs. And as a result of
these advantages, KIBs have rapidly aroused considerable
attention [26-28].

Fig.1 Schematic illustration of
the smart grid in which large-
scale energy storage systems
integrate renewable energy into
the grid

Theoretically, the operation mechanisms of KIBs pre-
sent in a rocking-chair fashion, similar to that of LIBs
and SIBs. During charging, K ions are extracted from the
cathode and migrate to the anode through the electrolyte
with an equal charge of electrons transferring from the
cathode to the anode through an external circuit. And upon
discharge, the opposite process occurs (schematically dem-
onstrated in Fig. 2). To date, reversible K-ion storage in
various anode materials has been identified, such as carbo-
naceous materials [29, 30], alloy-based materials [31, 32],

Table 1 Comparison of the

N . X Characteristics Li Na K Mg Ca Al
basic physical and chemical
properties of Li, Na, K, Mg, Ca - [onic radius (A) 0.72 1.02 1.38 0.72 0.99 0.54
and Al elements Hydrated ionic radius (A) 3.82 3.58 331 428 4.12 475
Atomic mass (g mol™) 6.9 23.0 39.1 24.3 40.1 27.0
Density (g cm™) 0.534 0.968 0.862 1.740 1.540 2.700
Standard electrode potential —-3.04 —-2.71 —-2.94 —-2.37 -2.87 —1.68
(V vs. SHE)
Valence +1 +1 +1 +2 +2 +3
Elemental abundance (wt%) 0.0065 2.7400 2.4700 2.0000 3.4500 7.7300
Specific capacity (mAh g™) 3860 1166 685 2206 1337 2980
Fig. 2 i inci - ¢
“r?)ckinz(z:rhl:iri% g:trzlacslsri)ll;ifon M ‘ 8
batteries Discharge
Anode  Electrolyte Cathode Anode Electrolyte Cathode
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metal chalcogenides [33, 34] and organic materials [25,
35], and although some of these important anode materials
can exhibit high capacities of about 300 mAh g~!, most
reported cathodes show low capacities of <100 mAh g,
limiting the energy density of full KIBs. As a result, cath-
ode materials largely determine the cost, specific energy
and power of KIBs. In this review, ultra-modern advanced
inorganic and organic cathode materials for KIBs are
summarized and effective strategies to improve the per-
formance of these materials toward EES applications are
provided. Moreover, through combining ex/in situ char-
acterizations with computational guidance, K-storage
mechanisms of these materials will be discussed, provid-
ing insights for the design of new cathode materials for
KIBs with improved K-storage performances.

2 Prussian Blue and Its Analogs

Prussian blue (PB) and its analogs (PBAs) are transition
metal hexacyanoferrates and, in general, possess a chemi-
cal formula of A M,[M,(CN)¢l,-zH,0 (A =alkali metal;
M,, M, =transition metal; 0 <x <2), in which high-spin
M, N¢ and low-spin M,C octahedra are alternately bridged
by cyanide ligands forming a three-dimensional rigid
framework (Fig. 3) [36]. In this open framework, inser-
tion cations can occupy large “A” sites in each sub-cell
and rapidly transfer along the <100> direction with lit-
tle lattice strain. Given this structural advantage, PB and
PBAs have been extensively investigated as new, promis-
ing cathodes for rechargeable batteries in the past several
years, including SIBs, Mg-ion batteries and Ca-ion batter-
ies [37-39]. And very recently, PB compounds have also
aroused intensive attention as cathodes in KIBs because
their open-framework crystal structures can enable fast
insertion/extraction of relatively large K ions. In addition,
PB compounds can theoretically accommodate two K-ion
insertions per formula with a high theoretical capacity of
approximate 155 mAh g~! in cases in which both M, and
M, ions are electrochemically active.

Fig.3 Schematic crystal struc-
tures of PB and PBAs
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2.1 K FeFe(CN),

Considering their low cost and easy accessibility, iron
hexacyanoferrates (M; =M, =Fe) are potentially supe-
rior to other PBAs as electrode candidates in KIBs and, in
theory, can reversibly accommodate K ions through two
types of redox reactions in which one is the oxidization of
Prussian blue (PB) into Berlin green (Fe"Fe''(CN)¢; BG),
and the other is the reduction of PB into Prussian white
(K,Fe'"Fe''(CN)g; PW) (Fig. 4a).

Since the first demonstration of K-ion activity for PB in
a non-aqueous electrolyte by Eftekhari et al. [40], several
attempts have been made to study the electrochemical prop-
erties of iron hexacyanoferrates in terms of K-ion insertion
in non-aqueous systems, and recently, Zhang et al. [41]
prepared PB nanoparticles using a precipitation method for
evaluation in KIBs as cathode materials. Here, the research-
ers reported that the resulting material exhibited a reversible
capacity of 73.2 mAh g~! in a voltage window of 2.0~4.0 V
with one discharge plateau at 3.1~3.4 V in which less than
half of the K-storage sites in PB were utilized. And com-
bined with ex situ Raman spectra, the researchers further
demonstrated that only C-coordinated Fe!''/Fe!! couples were
electrochemically active for K-ion storage. In a subsequent
study, Chong et al. [42] investigated the electrochemical per-
formance of the KFe''Fe!'(CN), cathode in the voltage range
of 2.0~4.5 V and reported that two pairs of redox peaks
at 3.47/3.17 V and 4.10/3.83 V can be observed (Fig. 4b),
which the researchers attributed to the redox reactions of
Fe''l/Fe" redox with different spin states. And as a result of
this full utilization of the different redox couples, the result-
ing cathode in this study achieved a high discharge capac-
ity of 118.7 mAh g~! (Fig. 4e). In addition, the researchers
here indicated the K-ion extraction/insertion occurs in the
KFeHFeHI(CN)6 electrode through a mild solid solution reac-
tion and is possibly responsible for the remarkable cycle
performance.

BG is considered to possess similar electrochemical
behaviors to PB in KIBs due to similar frame structures
and redox couples, and in theory, a theoretical gravimetric
capacity of ca. 155 mAh g~'. In one example, Fu et al. [43]
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Fig.4 a Schematic illustration of the redox reaction among BG, PB and PW. b—g Cyclic voltammograms and galvanostatic discharge/charge

curves for BG (b, e), PB (c, f) and PW (d, g)

synthesized nanosized cubic BGs using a wet chemical pre-
cipitation method and evaluated its K-storage performance
in non-aqueous electrolytes. Here, the researchers reported
that the resulting BG electrode was capable of delivering
a high reversible capacity of 124 mAh g~!, corresponding
to 80% of the theoretical capacity (Fig. 4f). Moreover, a
reversible capacity of 93 mAh g=! over 500 cycles with a
coulombic efficiency of 100% was reportedly achieved, dem-
onstrating the high reversibility of BG in terms of K inser-
tion/extraction. Interestingly, the researchers also reported
that although two pairs of redox peaks corresponding with
different redox couples can be observed in the BG electrode
(Fig. 4c), redox potentials (3.6/3.4 V) correlating with the
low-spin Fe'''/Fe!! couple were much lower than the corre-
sponding potentials in the PB electrode.

The reduction of PB can lead to the generation of PW, and
compared with PB and BG, PW is more suitable for practical
full KIBs with non-potassium metal anodes due to the high

content of K. As reported by He et al. [44], PW can exhibit
a high capacity of 140 mAh g~! (Fig. 4g), corresponding to
the insertion of 1.8 potassium ions per formula. In addition,
the charge/discharge profiles obtained in this study revealed
two distinct discharge plateaus, which were consistent with
CV results (Fig. 4d) in which the researchers suggested that
the high-potential plateau at 3.9 V originated from the low-
spin Fe''/Fe!' couple and that the low-potential plateau at
3.2 V derived from the high-spin Fe'/Fe!! couple, demon-
strating that the insertion reaction mechanism for K ions in
PW is similar to that of Na ions in PBAs. This study also
found that PW particle sizes have great impact on K-storage
performances in which as PW particle sizes increase from
20 nm to several micrometers, capacities are reduced by
tenfold (Fig. 5a—c), and that electrolytes have remarkable
effects on PW electrochemical performances. Recently in
another study, Liao et al. [45] demonstrated that polariza-
tion and interface impedance of PW in 1, 2-dimethoxyethane
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Fig.5 a—c Correlation between particle size and electrochemical performance for PW at a current density of 20 mA g~!. d—f Comparisons of
CV curves, galvanostatic discharge/charge curves and EIS spectra for PW in different KPF¢-containing electrolytes

(DME)-based electrolytes were smaller than that in car-
bonate-based electrolytes (Fig. 5d—f), meaning that highly
K-ion-conductive solid electrolyte interphase (SEI) films can
be generated in DME-based electrolytes.

2.2 K M,Fe(CN), (M,=Mn, Co, Ni, Cu)

Manganese hexacyanoferrate is another leading can-
didate for KIBs applied in ESSs due to the low cost and
reversible redox of Mn"/Mn!' couples. For example,
Xue et al. [46] first reported the cathode performance of
K, goMn[Fe(CN)gl 9,-0.75H,0 in KIBs, in which the result-
ing cathode delivered a high capacity of 142 mAh g~! with
two flat discharge platforms at 3.56 and 3.6 V, corresponding
to redox reactions of Fe™/Fe" and Mn™/Mn! redox couples,
respectively. However, due to the insufficient solubility of
the potassium perchlorate salt in the propylene carbonate-
based electrolyte, the resulting battery tested in this study
produced large polarization during the charge/discharge pro-
cess. In a later study, Bie et al. [47] investigated the K-stor-
age performance of K, ;sMn[Fe(CN);] o3 in a relatively high
concentration electrolyte (0.7 M potassium hexafluorophos-
phate in ethylene carbonate/diethyl carbonate) and reported
that the K, ;sMn[Fe(CN)g] o5 electrode exhibited higher
discharge platforms at 3.89 and 3.97 V, as well as lower
polarizations (Fig. 6a). Moreover, the K-storage behaviors
of this cathode were studied by using in situ XRD in which

@ Springer

it was revealed that the electrode underwent highly revers-
ible potassium intercalation in a topotactic manner with two
two-phase reactions (Fig. 6b) and that upon K-ion extraction,
the monoclinic phase first transformed into a cubic phase
and subsequently into a tetragonal phase. The researchers
here suggested that the first phase transition is possibly
caused by the reordered arrangement of MnN, and FeCg
octahedra in the crystal cell and that the subsequent phase
transition is possibly from the Jahn—Teller distortion of the
high-spin Mn**. Furthermore, the K-storage mechanisms
of K,Mn[Fe(CN)¢] are similar to the Na insertion behav-
iors of hydrated Na,Mn[Fe(CN)¢] (Fig. 6¢, d), and Song
et al. [48] revealed that interstitial H,O has an enormous
effect on the structural and electrochemical performances of
Na,MnFe(CN)q-zH,0. In this study, the researchers reported
that upon removal of interstitial H,O from hexacyanomet-
allates, the obtained dehydrated Na,Mn[Fe(CN)¢] demon-
strated a single voltage plateau (Fig. 6e), maintained 75%
of initial discharge capacity over 500 cycles and was much
superior to that of the hydrated one. Here, the researchers
noted that the removal of the interstitial H,O led to a phase
transition of the hexacyanometallates from monoclinic to the
rhombohedral phase, which in turn affected the Na-storage
behaviors of the hexacyanometallates (Fig. 6f). And because
the principles of KIBs are similar to SIBs, it is reasonable
to assume that dehydrated hexacyanometallates can signifi-
cantly improve KIB performances.
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Other types of PBAs were also examined in KIBs by
Wu et al. [49] in which all K,M,Fe(CN)4 (M,=Co, Ni,
Cu) were found to deliver low discharge capacities of <65
mAh g~! and were all inferior to that of K,FeFe(CN), and
K,MnFe(CN), (Fig. 7). In fact, even if only a single-electron
reaction occurred, the theoretical capacity of these PBAs
was much higher than their obtained values and the underuti-
lization of low-spin Fe**/** redox sites was possibly respon-
sible for the insufficient capacity. Recently, Ren et al. [50] in
their study reported a surface etching technique to facilitate
the utilization of Na-storage sites in nickel hexacyanofer-
rate cathodes (NiHCF) and revealed that the etched NiHCF
displayed unique nanoflower morphologies and possessed
increased specific areas compared with unetched cathodes
(Fig. 7d). And benefiting from the unique structure which

maximized exposure of active sites, the etched NiHCF
demonstrated full utilization of low-spin Fe**/?* redox sites
and delivered a capacity of ca. 90 mAh g~!, which is much
higher than that of unetched NiHCF (Fig. 7e, f). Overall,
because K-ion diffusion is limited by the high atomic weight
and large radius of K, surface activation strategies may be
more effective in KIBs in terms of improving electrochemi-
cal performances.

3 Layered Oxides
As a result of controllable synthesis and high theoretical

energy densities, layered transition metal oxides, A, _ MO,
(A =alkali, M =transition metal), have been extensively

@ Springer
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studied in LIBs and SIBs [51, 52] and, lately, have also
aroused interest from researchers as cathode materials for
KIBs. In general, layered compounds can be categorized
based on the stacking sequence of alkali ions between edge-
shared MOy octahedral layers, and in theory, two main
coordination environments are present for alkali ions in
A, _,MO,, denoted as edge-shared octahedral (O) and face-
shared prismatic (P) sites. Here, the number of MO layers in
a repetitive stacking unit is usually described with number 3
or 2. For example, P2 and P3 phases are stacked in an ABBA
and ABBCCA manner with the prismatic alkali metal, and
the O; phase is closely packed in the ABCABC pattern with
the octahedral alkali metal (Fig. 8) [53, 54].

Fig.8 a—c Crystal structures
of P2-type (a), O3-type (b) and
P3-type (c) layered metal oxides

@ Springer

Vaalma et al. [55] first evaluated P2-type K, ;MnO,
(Fig. 9a) as a cathode for KIBs and reported that the
resulting cathode was capable of delivering a high capac-
ity of approximate 130 mAh g~! in a voltage window of
1.5~4 V (Fig. 9d). However, the researchers also reported
that because of the large volume change and layer gliding
during charging above 3.5 V, this cathode possessed poor
cyclability with a capacity retention of ca. 62% after 50
cycles. This was not the case if the upper limit voltage was
kept to below 3.5 V however, in which the K, ;MnO, cath-
ode was able to maintain more stable cycling with capaci-
ties remaining nearly unchanged even after 50 cycles. In
the subsequent studies, Hironaka et al. [56] and Kim et al.
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[57] demonstrated that P2-type K, ,;C00, (Fig. 9b) and
Ky Co0, (Fig. 9c) were desired hosts for the insertion of
K ions, in which K 4,;C00, and K, (CoO, electrodes were
capable of delivering reversible capacities of 60 mAh g~!
and 80 mAh g~!, respectively (Fig. 9e, f). In these studies,
the researchers noted that both K, ,,C0o0, and K, ;CoO,
electrodes exhibited similar stair-like charge/discharge
curves, demonstrating analogous K-storage mechanisms and
that the different reversible capacities were possibly due to
the diverse test voltage range. In addition, in situ XRD pat-
terns of the P2-K, (CoO, electrode upon charge/discharge
(Fig. 9g) revealed that during the charge process, the peak of
the (008) face moves to lower angles, indicating the expan-
sion of the crystal structure along the c-axis, possibly caused
by the increased coulombic repulsion between the oxygen

of P2-type K;CoO, upon charge/discharge. h Rate performance of
spherical K, 4Co0O, and irregular K, ,CoO, at a constant current of
40 mA g7!

layers from the removal of K ions. During the discharge
process, the peak of the (008) face moves back to its origi-
nal position, demonstrating the reversibility of the inser-
tion/extraction of K ions. Additionally, different degrees of
shifting and asymmetric peak evolution for the (008) peak
were observed, suggesting that K, (CoO, undergoes multi-
ple phase transitions upon K-ion insertion/extraction. Here,
these authors suggested that the various phase transitions
originated from K-ion/vacancy ordering.

Fabricating hierarchical structures is an effective
approach to promote the diffusion kinetics of inserted ions,
thereby improving the electrochemical performance of tran-
sition metal oxides in LIBs and SIBs [58, 59]. Recently,
Deng et al. [60] synthesized P2-type K, (CoO, hierarchi-
cal microspheres and evaluated them as cathodes in KIBs.
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And because hierarchical structures enable fast kinetics for
inserted K ions and reduce parasitic reactions originating
from the electrolyte, the capacity and rate performance of
the spherical K, ;CoO, was reported to be higher and better
than that of irregular K, (,CoO, (Fig. 9h). More importantly,
the spherical K, (CoO, was also reported to exhibit superior
cycling performances, retaining nearly 87% of the initial
capacity after 300 cycles. In contrast, the cycling stability of
the irregular K, CoO, cathode was inferior, retaining < 50%
of the initial capacity after 100 cycles.

P3-type K, 4,C00, (Fig. 10a) was first studied in non-
aqueous KIBs by Hironaka et al. [56], who reported that
the material was capable of delivering a reversible capacity
of ca. 60 mAh g~ in a voltage window of 2.0~3.9 V and

=2

demonstrating good cycle stability, with nearly unchanged
capacities over 20 cycles (Fig. 10d). Subsequently, Liu et al.
[61] synthesized K, (;Nij ;7C0, 7M1 460, (Fig. 10b) using
a co-precipitation-assisted solid-state reaction and reported
that the resulting material exhibited a reversible capacity of
76.5 mAh g~ in the voltage range of 2.0~4.3 V (Fig. 10e).
And very recently, a new cathode material, P3-structured
Ky sMnO, (R3m space group; Fig. 10c), was employed in
KIBs by Kim et al. [62], who reported that the material
could deliver a reversible capacity of approximately 100
mAh g7! in the voltage window of 1.5~3.9 V and main-
tain 81% of its origin capacity after 20 cycles (Fig. 10f).
Here, the researchers noted that the original capacity of the
P3-K,, sMnO, can reach a very high level of 140 mAh g™
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characterization of P3-type K, sMnO, upon charge/discharge. h Cal-
culated voltage plot (DFT+vdW) compared with experimentally
obtained charge/discharge profiles of P3-type K, sMnO,
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if the upper cutoff potential was up to 4.2 V. However,
this increased capacity did come at the expense of cycling
performance, in which only 30% of its original discharge
capacity could be preserved after 20 cycles in the voltage
range of 1.5~4.2 V. The researchers in this study claimed
that this inferior cycle stability might be caused by an irre-
versible structural change that occurs in the high-voltage
region above 4.0 V. In addition, in situ XRD patterns of
the P3-K, sMnO, cathode during cycling revealed that upon
charging, this material undergoes two reversible phase tran-
sitions: P; to O5 phase and O; to an unknown phase, and
that upon discharging, the phase evolution process is totally
reversed, demonstrating reversible K intercalation/deinter-
calation behaviors in P3-K, sMnO, (Fig. 10g). Moreover,
combined with first-principles calculations, the researchers
calculated the voltage profile of K. MnO, as a function of
K content and found that the voltage profile calculated by
DFT calculations was consistent with experimental voltage
profiles (Fig. 10h), further confirming the phase transition
mechanisms of P3-K, sMnO,.

4 Polyanionic Compounds

Owing to the strong inductive effects originating from elec-
tronegative anion groups, polyanionic compounds always
possess high structural and thermodynamic stability, as well
as high operating voltages. Thus, polyanions materials such
as phosphates, sulfates and pyrophosphates have been widely
applied in LIBs and SIBs cathodes [63—-66]. And because
polyanionic frameworks can better shield K-K repulsion,
polyanionic compounds are promising cathode materi-
als for KIBs as well. And currently, available polyanionic
compounds such as FeSO,F [67], FePO, [68], K;V,(PO,);
[69], KVPO,F [70], KVOPO, [70], K;V,(PO,),F; [71] and
KVP,0; [72] are being investigated as cathodes for KIBs.
For example, Recham et al. [67] were the first to report
that fluorosulfates (FeSO,F) can reversibly intercalate Li,
Na and K. In their study, the researchers prepared FeSO,F
through the electrochemical extraction of K ions from
KFeSO,F in Li/KFeSO,F cells and tested its electrochemi-
cal properties in LIBs, SIBs and KIBs, and reported that
the obtained FeSO,F could accommodate approximately 0.9
Li ions, 0.85 Na ions and 0.8 K ions per formula. Interest-
ingly, this study also reported that FeSO,F provided more
pronounced voltage steps in KIBs, demonstrating the for-
mation of multiple stable intermediate phases upon large
K-ion insertion/extraction. In another study, Mathew et al.
[68] reported that amorphous FePO, can reversibly interca-
late various cations, including Li, Na, K, Mg and Zn ions,
and suggested that the amorphous structure characterized
by short-range ordering can accelerate the insertion of guest
ions even at large sizes. And as a result, the researchers

here reported that the amorphous FePO, delivered a high
capacity of approximate 150 mAh g~! upon K-ion inser-
tion (Fig. 11a). Interestingly, ex situ XRD results revealed
the transition from amorphous-to-crystalline structure upon
K-ion insertion and that at the end of discharge, a new crystal
phase of KFe,(PO,), was generated (Fig. 11b). In addition,
after being fully charged, the amorphous phase reformed,
demonstrating the high reversibility of the K/FePO, cells.

Recently, carbon-confined K;V,(PO,); with a 3D porous
structure was synthesized by Han et al. [69], who investi-
gated its performance in KIBs for the first time and reported
that the as-prepared K;V,(PO,); cathode can deliver a
reversible capacity of approximate 54 mAh g~! in the volt-
age range of 2.5~4.3 V and exhibit a high-potential plateau
of 3.6~3.9 V (Fig. 11c). Subsequently, Chihara et al. [70]
synthesized and investigated KVPO,F and KVOPO, as new
cathode materials for KIBs, and reported that the KVPO,F
and KVOPO, electrodes can deliver reversible capacities
of approximate 92 mAh g~! and 84 mAh g~!, respectively
(Fig. 11d—e), and that although they were isostructural to
orthorhombic KTiOPO,, the different redox couples of
KVPO,F and KVOPO, (V**/V** for KVPO,F; V*/V>* for
KVOPO,) can lead to distinct electrochemical behaviors.
Notably, Park et al. [73] suggested that due to the higher
electronegativity of F atoms than O atoms, the average
discharge voltage of KVPO,F (4.13 V) should be higher
than that of KVOPO, (4.00 V), and that both KVPO,F and
KVOPO, exhibit low coulombic efficiencies and large irre-
versible capacities mainly as a result of severe electrolyte
decomposition upon high voltage. Here, an effective method
to overcome this issue is to develop electrochemically stable
electrolytes with wide voltage windows of over 4 V.

More recently, Lin et al. [71] synthesized K;V,(PO,),F;
using a similar strategy to that of Recham et al. [67] in
which a Na ion was electrochemically replaced by a K
ion in Na;V,(PO,),F; to generate K;V,(PO,),F; in a K/
Na,;V,(PO,),F; cell, and investigated it as a cathode for
KIBs in a voltage range of 2~4.5 V. Here, the researchers
reported that the as-prepared K;V,(PO,),F; electrode exhib-
ited a reversible capacity of approximate 100 mAh g~! with
an average voltage of 3.7 V (Fig. 11f). And by combining
in situ XRD with the corresponding Rietveld refinement,
the authors were also able to clearly identity the struc-
tural evolution of K;V,(PO,),F; during K-ion insertion/
extraction, in which upon K-ion extraction, orthorhom-
bic K;V,(PO,),F; (space group Cmcm) first transforms
to tetragonal K,V,(PO,),F; (space group I4/mmm) at the
low-voltage plateau and further transforms to orthorhombic
K,V,(PO,),F; (space group Cmc21) at the end of charge
(Fig. 11g). The researchers also noted that the total volu-
metric change rate of K;V,(PO,),F; was only 6.2% (AV/V)
during the charge/discharge process, demonstrating the sta-
bility of the K;V,(PO,),F; for long-term cycles. Despite
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Fig. 11 a Initial five charge/discharge profiles of amorphous FePO,.
b Schematic illustration of the reversible amorphous-to-crystalline
transition in amorphous FePO,. ¢ Different discharge/charge curves
of K;V,(PO,),;/C. d—e Typical charge/discharge profiles of KVPO,F
(d) and KVOPO, (e). f Voltage profiles of K;V,(PO,),F; in the ini-

these promising results however, the resulting K;V,(PO,),F;
also exhibited disappointing rate performances, with
<20 mAh g~! capacity being preserved at moderate cur-
rent densities (500 mA g~!). The researchers in this study
attributed this poor rate capability to the large size and
poor electronic conductivity of K;V,(PO,),F; (ca. 2 pm),
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tial two cycles. d Phase transformation of K;V,(PO,),F; during K-ion
insertion and extraction. h Charge/discharge profiles of KVP,0; at
various rates. i In situ XRD of KVP,0; during a full charge/discharge
cycle

but stated that there is possibility for improvement through
the reduction in particle sizes or the construction of surface
coating structures.

Furthermore, Park et al. [72] were able to pinpoint
among numerous inorganic compounds that monoclinic
KVP,0; is a promising high energy density cathode in
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non-aqueous KIBs using theoretical calculations and elec-
trochemical validations. And in their study, the research-
ers reported that KVP,0, exhibited a reversible capac-
ity of approximate 60 mAh g~! with an average working
potential of approximate 4.2 V (Fig. 11h). This average
working voltage for KVP,0; is the highest among reported
cathode materials to date and is of great significance for
the improvement of full KIB energy densities. Moreover,
the researchers also reported that this cathode was able to
provide superior rate capabilities in which even at an ultra-
high current density of 1 A g~!, a reversible capacity of
37 mAh g_1 can be obtained. Furthermore, the K-storage
mechanisms of KVP,0, were also investigated by using
in situ XRD in this study and revealed that monoclinic
KVP,0; (space group P21/c) gradually transforms into
triclinic K, _,VP,0; (space group PI) upon charge and
recovers back to monoclinic KVP,0, after discharge
(Fig. 111).

5 Organic Cathodes

Due to low costs as well as lightweight and flexible struc-
tures, organic compounds are very attractive for the fab-
rication of green rechargeable batteries. And up to now,
various organic materials have been extensively studied
in rechargeable batteries, such as radical compounds, car-
bonyl compounds and functional polymers [74—77]. How-
ever, because this area of research is still in its infancy, few
organic electrode materials for KIBs have been successfully
demonstrated.

As an organic pigment, 3,4,9,10-perylenetetracarbox-
ylicacid-dianhydride (PTCDA) has been already studied
in LIBs, SIBs and hydronium-ion batteries [78-81], and
recently, Chen et al. [82] tested and verified the electro-
chemical performance of PTCDA in non-aqueous KIBs. In
this study, the resulting organic electrode delivered a high
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reversible capacity of 131 mAh g~! in the voltage range of
1.5~3.5 V (Fig. 12b), corresponding to the accommoda-
tion of two K ions per formula (Fig. 12¢). Additionally, this
cathode also demonstrated excellent cycling performances,
retaining 66.1% of the original capacity after 200 cycles.
Furthermore, the researchers reported that another 9 K ions
can be accommodated by the PTCDA electrode in the volt-
age range of 0.01~1.5 V, suggesting its promising applica-
tions as high-capacity anodes in KIBs.

Anthraquinone (AQ)-based compounds have also been
investigated in LIBs and SIBs [83-86] and are expected to
be viable as cathodes in KIBs. In general, AQ compounds
exhibit poor cycling stabilities because of high solubility in
organic electrolytes. However, in theory, the utilization of
polymers or salt formations is an effective method to solve
the issue of the dissolution of small organic molecules
[87, 88], and recently, Jian et al. [89] reported the use of
poly(anthraquinonyl sulfide) (PAQS), an AQ-based poly-
mer, as a cathode material in KIBs. Here, the researchers
reported that the PAQS electrode exhibited a high revers-
ible capacity of 200 mAh g~! with two distinct voltage
slopes in the voltage range of 1.2~3.4 V (Fig. 12e), indicat-
ing the insertion of two sequential K ions upon discharge
(Fig. 12f). In a subsequent study to suppress the dissolution
of AQ molecules in organic electrolytes, Zhao et al. [90]
synthesized anthraquinone-1,5-disulfonic acid sodium salt
(AQDS) containing polar sodium sulfonate function groups
and reported that as a result, the obtained AQDS was capa-
ble of delivering excellent K-storage performances in non-
aqueous KIBs (Fig. 12h), including a high reversible capac-
ity (95 mAh g~') and a long cycle stability (maintaining 78
mAh g! after 100 cycles). In addition, in the study by Zhao
et al. [90], FTIR and ex situ XRD characterizations were
employed to examine the K-storage mechanism of AQDS,
which confirmed that carbonyl groups in AQDS are respon-
sible for K-ion storage (Fig. 12i).

6 Architectural Designs for Cathodes

Although the viability of various cathode materials such as
PBAs, layered metal oxides, and polyanionic compounds
has been successfully demonstrated in KIBs, the insertion/
extraction of significantly larger K ions (0.138 nm) can cause
great change in host structures, often leading to decreased
cycling performance or even complete electrochemical inac-
tivity for host materials [91, 92]. Here, studies have reported
that reducing particle sizes or compositing with conductive
carbon/polymers can significantly improve electrochemical
performances of active materials due to enhanced electronic/
ionic transport kinetics [90-94]. Generally, nanomorphology
can enhance the electrochemical performance of electrode
materials through the enabling of benefits such as larger
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surface-to-volume ratios, facile strain relaxation during bat-
tery operation, and shorter diffusion distances for both ions
and electrons [95, 96]. However, because of high surface
energies, nanomaterials suffer from severe agglomeration
during the charge/discharge process, in particular if large
K ions are embedded. Here, the use of conductive carbon-
coated/supported nanocomposites is considered to be an
efficient method to achieve high performance in nanocom-
posites, in which coated carbons can provide facile transport
pathways for electrons and prevent agglomeration of active
materials.

For example, Zhu et al. [97] recently fabricated a binder-
free PB electrode using generated PB nanocubes on the
surface of stainless-steel mesh (SSM) followed by coating
with reduced graphite oxide (RGO) and reported that the
resulting electrode, denoted as RGO @PB @SSM (Fig. 13a),
possessed a rough surface in which cubic PB particles were
in close contact with the SSM substrate and the RGO-coated
layer, enabling ultrafast transport for electrons and avoiding
the agglomeration and detachment of PB nanocubes upon
insertion/extraction of K ions (Fig. 13b). And as a result,
the researchers reported that the obtained RGO@PB @
SSM electrode exhibited a high capacity of 96.8 mAh g~!
in the voltage range of 2~4.0 V (Fig. 13c) and maintained
approximately 75.1% of its initial capacity even after 305
cycles. Subsequently, Wang et al. [98] designed and syn-
thesized novel interconnected K, ;Mn, sFe, sO, nanowires
in which K, ;Mn,, sFe, 50, nanocrystallines were uniformly
encapsulated in a carbon substrate (Fig. 13d) and reported
that the resulting three-dimensional network enabled the
fast transport of electrons and K ions, whereas the carbon
substrate prevented structural failure and agglomeration of
the K, ;Mn, sFe, 50, nanocrystallines during the charge/dis-
charge process, leading to long cycling stability in KIBs. In
addition, this cathode also delivered a high reversible capac-
ity of approximate 178 mAh g~! in the voltage window of
1.5~4.0 V and retained approximately 76% of the initial
capacity over 250 cycles (Fig. 13e).

7 Conclusion and Outlook

Great progress has been achieved in non-aqueous KIBs, and
a variety of K-storage cathodes have been successfully dem-
onstrated. Figure 14 and Table 2 present the performance of
typical cathode materials in KIBs in terms of specific capac-
ity, average working potential and energy density, as well as
cycling and rate performances, and currently, PBAs have
been proven to be the most promising cathodes for large-
scale KIBs due to their high capacity, great reversibility, as
well as facile and scalable preparation. However, due to the
decomposition of structural water upon charging, coulombic
efficiencies of such materials are low, impeding their further
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application in KIBs. Additionally, PBAs are thermolabile,
causing operational issues in batteries in practical settings.
Alternatively, layered metal oxides can theoretically deliver
higher capacities and better volumetric energy densities
due to their closely packed structures. However, in such
compact structures, the insertion and diffusion of large-size
K ions are less favorable than Li and Na ions, resulting in
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multistep voltage curves, relatively low reversible capacities
and fast capacity fading. Polyanionic compounds are another
candidate for large-scale KIBs because of their high work-
ing voltages. However, current K-storage performances of
polyanionic compounds are unsatisfactory and wide varie-
ties of polyanionic species, including (PO4)3_’ (SO4)2_, and
(P,0,)*7, can create many new crystal structures for K-ion
storage. Organic materials, which are abundant, environ-
mentally friendly and structurally diverse, are considered
to be promising cathodes for future KIBs as well. However,
organic materials suffer from issues such as sluggish reac-
tion kinetics and severe material dissolution, all of which
need to be resolved for application in KIBs. In addition,
due to the high reactivity of potassium metal, the severe
decomposition of electrolytes remains ubiquitous in most
reported cathode materials. And although fluoroethylene
carbonate (FEC) has been reported as an additive to enhance
coulombic efficiencies, it could not completely prevent side
reactions [99, 100]. Thus, the commercialization of KIBs
strongly depends on the research and development of highly
stable electrolyte systems.

Overall, because the development of K-storage materials
is still in its infancy, most reported KIB cathodes deliver
inferior performance compared with LIBs and SIBs.
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Table 2 Comparison of the electrochemical performance of reported cathodes in KIBs

Cathodes

Voltage ranges (V)

Cycle performance (current density;

cycle number)

Rate capability (current density)

K, ;sMn[Fe(CN)4]y 05 [47] 2~4.5 ca.130 mAh g~ (30 mA g~!; 100) 108 mAh g (1 Ag™)

K ¢oFe[Fe(CN)l o [44] 2~4.5 ca. 72 mAh g7 (0.1 A g71; 300) 120 mAh g™ (0.1 A g™
KFe'"Fe(CN), [42] 2~4.5 73 mAh g~ (0.1 A g7'; 1000) 40.6 mAh g (0.5A g™
FeFe(CN), [43] 1.5~4 93 mAh g~! (0.625 A g™'; 500) 79 mAh g~' (625 A g™

PB [40] ca. 2.5~4.2 69.1 mAh g~! (8.7 mA g7; 500) 78.6 mAh g~! (8.7mA g7
K 2,Fe[Fe(CN)¢]p 505 [41] 2~4 52.4mAh g™ (0.2 A g7'; 150) 36 mAhg™' (04 Ag™)

K 5;Ni; osFe(CN), [49] 2~4.5 ca. 60 mAh g7! 20 mA g7'; 15) ca. 64 mAh ¢! 20 mA g7)
K 55Co, gsFe(CN)4 [49] 2~4.5 ca. 38 mAh g7! 20 mA g7'; 15) ca. 60 mAh ¢! 20 mA g7)
K 40Cug 93Fe(CN)4 [49] 2~4.5 ca.29 mAh ¢! 20 mA g7'; 15) ca.35mAh g 20 mA g7)
K, ;Fey sMn, 50, [98] 1.5-4 ca. 60 mAh g7! (1 A g7'; 450) ca.52mAhg ' (1 Ag™
P2-K, sMnO, [55] 1.5~4 ca. 80 mAh g7 (27.9 mA g7!; 50) ca. 15mAh g ' (140 A g™h)
P3-K, sMnO, [62] 1.5~3.9 ca. 70 mAh g~!' (20 mA g~!; 50) ca. 100 mAh g7! (20 mA g™)
P3-K, ¢7Nig 1,C0p 1;Mny 640, [61] 2~4.3 ca. 66.8 mAh g~! (20 mA g7'; 100) 49mAh g™ ' (0.1A g™
P2-K,cCo0, [57] 1.7~4 ca. 36 mAh g7 (0.1 A g7, 120) 43mAh g (0.15A g™
P2-K, 4,C00, [56] 2~39 ca. 55 mAh g_1 (11.8 mA g_]; 30) ca. 40 mAh g_] (472 mA g"l)
P3-K, 4,C00, [56] 2~3.9 ca. 55 mAh g7! (11.5 mA g7!; 30) ca.60mAh g™! (11.5mA g7
FePO, [68] 1.5~3.5 ca. 109 mAh g~! (4 mA g7'; 50) 156 mAh g~! (4 mA g1
K;V,(PO,F; [71] 2~4.6 90 mAh g~! (20 mA g7!; 180) 20mAh g ' (0.5A g™
KVPO,F [70] 2~5 ca. 80 mAh g7! (6.65 mA g~'; 30) 92 mAh g~! (6.65 mA g™")
KVOPO, [70] 2~5 ca. 84 mAh g7! (6.65 mA g7, 5) 84 mAh g7! (6.65 mA g™})
KVP,0, [72] 2~5 ca. 48.9 mAh g7! (25 mA g7'; 100) 37mAhg' (1A g™
K;V,(PO,); [69] 2.5~4.3 52 mAh g~! (20 mA g7'; 100) 22mAhg™' (02A g™
PCTDA [82] 1.5~3.5 90 mAh g~! (50 mA g~'; 200) 75mAh g™ (0.5A g™
PAQS [89] 1.5~3.4 142.5 mAh g7 (20 mA g7!; 50) 190 mAh g~ (20 mA g71)
AQDS [90] 1.5~3 78 mAh g=' (13 mA g7'; 100) 56 mAh g~' (0.65 A g™
However, with material design improvements and electro- 3. Hwang,J.Y., Myung, S.T., Sun, Y.K.: Sodium-ion batteries: pre-

lyte optimizations made in the advancement of LIBs and
SIBs, KIBs will become a competitive and attractive choice
for application in next-generation, large-scale energy stor-
age systems.
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