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To meet future energy demands, currently, dominant lithium-ion batteries
(LIBs) must be supported by abundant and cost-effective alternative battery
materials. Potassium-ion batteries (KIBs) are promising alternatives to LIBs
because KIB materials are abundant and because KIBs exhibit intercalation
chemistry like LIBs and comparable energy densities. In pursuit of superior
batteries, designing and developing highly efficient electrode materials are
indispensable for meeting the requirements of large-scale energy storage
applications. Despite using graphite anodes in KIBs instead of in sodium-ion
batteries (NIBs), developing suitable KIB cathodes is extremely challenging
and has attracted considerable research attention. Among the various cathode
materials, layered metal oxides have attracted considerable interest owing to
their tunable stoichiometry, high specific capacity, and structural stability.
Therefore, the recent progress in layered metal-oxide cathodes is
comprehensively reviewed for application to KIBs and the fundamental
material design, classification, phase transitions, preparation techniques, and
corresponding electrochemical performance of KIBs are presented.
Furthermore, the challenges and opportunities associated with developing
layered oxide cathode materials are presented for practical application to KIBs.

1. Introduction

The ever-growing energy demand and
alarmingly increasing environmental pollu-
tion caused by the massive consumption of
fossil fuels have driven the research com-
munity to focus on developing sustainable
clean energy technologies.'l Toward this
goal, energy conversion and storage de-
vices are both equally important for over-
coming the global energy crisis.[>*) Among
various energy storage systems, lithium-
ion batteries (LIBs) have been the predom-
inant power sources for consumer elec-
tronics and smart wearable devices ow-
ing to their high energy density, long cy-
cling life, and easy maintenance.l®’] Re-
cently, LIBs have been utilized in trans-
portation fields to power (hybrid) electric ve-
hicles, which minimize CO, emissions and
noise pollution.®] However, LIBs alone may
not meet the future energy demands asso-
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ciated with the rapid growth of the elec-
tric vehicle market and stationary storage
systems. Lithium is scarce and unevenly distributed in Earth’s
crust, which raises concerns about the soaring price of LIBs
and the sustainability of lithium for meeting future en-
ergy demands.>!% Therefore, developing economical, high-
performance post-LIBs is critical. Hence, sodium-ion batteries
(NIBs) and potassium-ion batteries (KIBs) are promising alter-
natives or complements to LIBs because sodium and potassium
are both abundant.[>!12] Interestingly, like LIBs, NIBs and KIBs
operate by a similar “rocking-chair” mechanism. Therefore, ex-
tensive knowledge about LIBs enables the rapid development of
NIBs and KIBs. A schematic illustrating the KIB operating prin-
ciple is shown in Figure 1a. Clearly, K*-ions shuttle between the
cathode and anode during charging and discharging.['>14]
Recently, KIBs have attracted considerable research interest
because they have some advantages over NIBs and exhibit
some properties comparable to those of LIBs. For instance,
well-established LIB graphite anodes are easily transferrable
to KIBs because graphite can reversibly accommodate K*-ions
forming intercalation compounds such as KCg['>'! in contrast
to the formation of NC,,, which limits Na*-ion intercalation into
graphite.['”] The standard redox potentials of Li/Li*, Na/Na*, and
K/K* are —3.04, —2.71, and —2.93 V versus a standard hydrogen
electrode (SHE), respectively (Figure 1b). The standard redox
potential of K/K* is comparable to that of Li/Li* in aqueous
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Figure 1. a) Schematic illustration of working mechanism of KIB, b) standard redox potential of various metal anodes, and c) comparison of Shannon’s

ionic radius and Stokes radius in propylene carbonate of Li*

electrolytes. Furthermore, the K/K* redox couple exhibits even
lower standard redox potentials than Li/Li* in nonaqueous
electrolytes such as propylene carbonate (PC) (—0.09 V vs Li/Li*)
and a mixture consisting of ethylene carbonate and diethyl
carbonate (EC:DEC) (=0.12 V vs Li/Li*).l"®1%] The low K/K*
redox potential leads to a wider potential window for operating
KIBs and will eventually achieve high-energy-density batteries.
Alkali metal ion (e.g., Li*, Na*, and K*) transport properties
influence the rate performance of this battery class. As shown in
Figure 1c, although K* (1.38 A) ions are larger than Na* (1.02 A)
and Li* (0.76 A) ones, K* ions exhibit lower charge density and
the lowest solvation and desolvation energies among the alkali
metal ions, which facilitates rapid desolvation at the electrode—
electrolyte interface. Furthermore, because K*-ions weakly
interact with solvent molecules, the smaller K*-ion Stokes radius
(Figure 1c) results in higher ionic conductivities and transfer-
ence numbers.[22!] Another advantage of KIBs over LIBs is that
inexpensive aluminum current collectors can be used on both
the cathode and anode sides because unlike lithium, potassium
does not alloy with aluminum—which reduces the KIB cost and
weight.[?223] Regarding safety, NIBs exhibit an Na*-ion insertion
potential of 0.05 V versus Na/Na* for a hard carbon anode, which
is too close to the sodium metal plating potential, implying that
dendrites will form in NIBs cycled at high current rates. In con-
trast, KIBs exhibit an average K*-ion intercalation potential of 0.2
V versus K/K* for most carbon anodes, which is well above the
potassium metal plating potential, suggesting that KIBs are safer
than NIBs.?*%] However, although all these advantages make
KIBs a promising alternative to LIBs, potassium metal must be
handled with the utmost care when fabricating half cells because
potassium metal is highly flammable.

The reversible intercalation of K* ions into graphite anodes
has shifted the research focus to designing and exploring suitable
cathode materials for practical application to KIBs. Obviously,
the cathode is the key component determining the KIB elec-
trochemical characteristics, energy density, and cost. Recently,
extensive research efforts have led to the development of vari-
ous cathode materials such as Prussian blue analogs,?*%’] lay-
ered metal oxides,!?%! polyanionic frameworks,?*3!l and or-
ganic compounds.(233] The application of layered metal-oxide
cathodes (such as LiCoO,) to commercial LIBs has attracted con-
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, Na* and K*.

siderable interest in storing K* ions in layered metal-oxide cath-
odes for application to KIBs because the cathodes exhibit high
capacity, large K*-ion diffusion paths, and scalable synthesis. Re-
cently, various groups have published reviews of KIB electrode
materials and electrolytes.[%1#18-21233438] Erom this perspective,
a comprehensive review of cathode material advantages and chal-
lenges is critical to further develop KIBs.

Therefore, we report recent research progress on layered metal
oxide cathodes for application to KIBs. First, we introduce the
KIB charge storage mechanism and the advantages of KIBs over
NIBs and LIBs. Then, the layered metal oxide structural classifi-
cation and phase transitions are discussed. Recent works related
to layered metal oxide cathodes for application to KIBs are sum-
marized based on the number of transition metals used by focus-
ing on the structural transformations and electrochemical perfor-
mances of half- and full-cell configurations. Finally, some strate-
gies are proposed to suppress irreversible phase transitions and
enhance the overall performance for future KIB development.

2. Structural Classification of Layered
Transition-Metal Oxides

Layered transition-metal oxides can be represented by the for-
mula A MO, (0 < x < 1), where A represents alkali metal ions
(e.g., Li*, Na*, and K*), and M can be one or more transition-
metal ions in various oxidation states. Typically, layered K. MO,
compounds are formed with alternately stacked edge-sharing
MOy octahedral layers and K*-ion layers. P2-, P3-, and O3-type
layered K, MO, can be synthesized based on the surrounding K*-
ion environment and the number of unique oxide layer stacking
sequences.3?! P and O indicate whether K* ions are in a pris-
matic or an octahedral coordination environment, respectively.
Numbers 2 and 3 indicate the number of oxide layers in a single
unit cell. Figure 2 shows a schematic illustrating the O3, P3, and
P2 crystal structures. In O3 crystals, all the K*-ions occupy octa-
hedral sites, and oxide layer stacking follows the AB-CA-BC pat-
tern. At high K* concentrations (e.g., x = 1), strong electrostatic
K*-K* repulsion destabilizes K, MO, layered compounds. O3-
KCrO, is the only electrochemically active K, MO, layered com-
pound that forms O3 crystals.[*’] In P3 crystals, oxide layer stack-
ing follows the AB-BC—CA pattern, and K* ions are at prismatic
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Figure 2. Crystal structures of O3-, P3-, and P2-type layered metal oxides.

sites. P2 compounds are formed by AB-BA oxide layer stacking.
In P2 crystals, K* ions occupy distinct edge- or face-sharing pris-
matic sites.*!] A prime symbol (') is used to specify the in-plane
distortion of hexagonal crystal lattices such as monoclinic P'3-
K, 5CrO, .14

The reaction temperature is critical for obtaining different
crystals. Most P2 compounds stabilize at higher temperatures
than P3 ones. For instance, P3-K,CoO, and P2-K, CoO, are syn-
thesized at 400 ° C and 600 ° C, respectively.[*] The P3—P2 phase
transformation occurs by breaking M—O bonds at high temper-
atures. Layered compound electrochemical behaviors are influ-
enced by both the initial pristine compound K*-ion content and
structural stability. During K*-ion extraction/insertion, O3 tran-
sitions to other phases because the MO,-layer glides without
breaking any M—O bonds. When a trace of K*-ions is extracted,
layer gliding changes the O3 oxide stacking pattern to the P3
one, which may be because larger K*-ions prefer to occupy ener-
getically favorable prismatic sites rather than smaller octahedral
ones.[*) Neither O3 nor P3 materials can electrochemically trans-
form into P2 ones because M—O bonds cannot break to form P2
materials during charging and discharging. However, P2 mate-
rials transition to O2 ones when the maximum K*-ion concen-
tration is extracted.[***] Therefore, owing to fewer phase transi-
tions, P compounds are structurally more stable than O layered
compounds.

3. Layered Metal Oxide Cathodes for KIBs
3.1. Single Metal Oxides

3.1.1. Manganese-Based Electrodes

Vaalma et al. demonstrated the first-ever nonaqueous KIB utiliz-
ing layered K,;MnO, as cathode, which exhibited an initial dis-
charge capacity of 70 mAh g~! and a reasonable capacity retention
of 57% over 685 cycles at 27.9 mA g™! in the potential window
1.5-3.5 V versus K/K* (Figure 3a).’] Nevertheless, K,;MnO,
exhibited considerable capacity fading under the higher cutoff
condition (1.5-4.0 V) possibly because of irreversible phase tran-
sitions at higher potentials. Furthermore, a KIB full cell was
constructed as a proof-of-concept model, with K,;MnO, as the
cathode and a hard carbon/carbon black composite as the an-
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ode, which encouraged researchers to develop different KIB elec-
trode materials.[*! The number of K*-ions in layered oxides plays
a crucial role in obtaining different structures, morphologies,
and electrochemical performances. Liu et al. synthesized P2-
K,;MnO, and P3-K,,;MnO, layered oxides by varying the K*-
ion concentration under the same experimental conditions.*!
Reportedly, the higher-K* P3-K; ,sMnO, displayed smaller par-
ticles and slightly better cycling stability and rate performance
than P2-K,;MnO, (Figure 3b). In a wider potential window of
1.5-4.0 V versus K/K*, P3-K, ,sMnO, delivered a specific capac-
ity of 128.6 mAh g=! at 20 mA g~! and better rate performance
with a specific capacity of 51.2 mAh g1, even at a current density
0f 200 mA g=1.1¢]

Kim et al. investigated the P3-K,sMnO, electrochemical
performance and structural changes during reversible K*-ion
deintercalation/intercalation.[*’] The in situ XRD patterns gener-
ated during charging/discharging and corresponding computa-
tions elucidated the P3-K, sMnO, K*-ion storage mechanism and
how the K*-content influenced the phase changes. As shown in
the in situ XRD patterns (Figure 3c), P3-K,sMnO, reversibly tran-
sitions among P3, 03, and X during K*-ion extraction and rein-
sertion. P3-K,;MnO, delivered a specific capacity of 106 mAh
g™! when cycled between 1.5 and 3.9 V versus K/K*, and fur-
ther increasing the potential to 4.2 V resulted in considerable
stacking-fault-induced capacity fading when more K*-ions were
extracted at high potentials; thus, the voltage range must be ap-
propriately tuned to optimize durable performance.l*’] Structural
morphology and particle size also play important roles in im-
proving electrochemical performance. For instance, Peng et al.
prepared P3-K,:MnO, hollow submicrospheres (HSMSs) using
two-step self-templating.[*8) When tested as a KIB cathode mate-
rial in the range 1.5-3.9 V versus K/K*, the P3-K, sMnO, HSMSs
demonstrated a capacity of 104 mAh g=! at 10 mA g! and ex-
cellent capacity retention of 89.1% over 400 cycles at 200 mA
g~!. The enhanced electrochemical performance was ascribed to
the synergy between the particle size and the hollow spherical
morphology. The full cell assembled with a graphite anode and
the P3-K,sMnO, HSMS cathode delivered an energy density of
100.7 Wh kg~! at an average output of 2.09 V, which highlights
the HSMS feasibility for practical application to KIBs.[*®]

The major issues with manganese-based layered cathodes
are Jahn-Teller (J-T) active Mn3* ions and the associated
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Figure 3. a) Potential profiles of the 2" and 50" cycle at 0.1 C in the voltage range 3.5-1.5 and 4.0-1.5 V. Reproduced with permission.[*! Copyright
2016, Electrochemical Society. b) Cycling performance of P2-Ky3MnO, and P3-K ,sMnO, at 20 mA g~'. Reproduced with permission.[“6] Copyright
2019, Elsevier. ¢) Structural changes of P3-K; sMnO, during charge and discharge. Reproduced with permission.[*’] Copyright 2017, Wiley.

disproportionation reaction (2Mn** — Mn** + Mn*"), which
generate an asymmetric cathode structure and lead to Mn?*-ion
dissolution into the electrolyte during cycling.**->? To circum-
vent these issues and stabilize Mn-based cathode performance,
different strategies have been employed. Notably, Lei et al.
reported the in situ formation of a dual interface on an Mn-
based P2-K,,;MnO, cathode consisting of an inactive K-poor
spinel interlayer and a stable solid-electrolyte interface (SEI)
film (Figure 4a). The dual interface layers accommodated J-T
distortion, alleviated Mn dissolution, and improved the K*-ion
diffusion kinetics, which resulted in good rate performance, a
small volumetric change of 9.9%, stable operation for 300 cycles,
and a capacity retention of 90.5% at 50 mA g=1.1>%]

Zhao et al. coated the surface of K, ;,Mn,0, microspheres
with AlF; to enhance their electrochemical performance (Fig-

—_
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ure 4b).5 The AlF;-coated K, 3,Mn,; 0, delivered a specific ca-
pacity of 110 mAh g! at 10 mA g™! and outstanding cycling
stability with a capacity retention of 94.9% over 100 cycles,
which was far superior to the electrochemical performances of
both the noncoated microspheres and the bulk counterpart (Fig-
ure 4c).>* Therefore, surface modification is an efficient method
of mitigating unwanted parasitic reactions and stabilizing cath-
ode interfaces.[54]

3.1.2. Cobalt-Based Electrodes
Although Delmas et al. synthesized and structurally char-

acterized K ,CoO, crystals in 19755°] K*-ion deintercala-
tion/intercalation was not studied for K ,CoO, compounds until

2105882 (4 of 34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

New surface

Cycle
6.0 M KFSI/G2

i )

Surface structure evolution from P2 to spinel

CatuCue

Migration F

Cycle Cycle Cycle
"—u-w 1
Jahn-Teller effect [MnOz] gliding _G2+FSI-
CULUL UL 2MnN*=——=MnZ*+Mn* @ ‘ . K*/Vacancy induction

w‘% :

L
Bridge 0.41 eV
@ K

W, Distorted [Mn**O¢]

+ Prec‘tp'\lat'\o“ .

AI(NO;); + NH,F
Calcination

Argon

AIF,@S-KMO

_ rearrangement

L
Top 0.40 eV
© Mn®* ® Mn?* O eC «H
c) :
100 ! —/\—B-KMO
' —O—SKMO

—a—AIF,@S-KMO

/
1 After refreshing K metal
: and electrolyte

Discharge capacity (mMA h g”)

Cycle number

Figure 4. a) Formation mechanism of the dual interphase layers composed of a SEI layer and spinel interlayer on P2-KMO during cycles. Reproduced
with permission.[®3] Copyright 2019, Elsevier. b) Schematic illustration of the synthesis process of AIF; @S-KMO. c) Cycling performance at 50 mA g~
before and after refreshing the potassium metal anodes and electrolyte. Reproduced with permission.l>l Copyright 2019, Wiley.

2017 by Hironaka et al.[*}] Because the synthesized P2-K, ,;CoO,
and P3-K, ;CoO, were moisture sensitive, they had to be handled
in an argon atmosphere. Both P2-K ,;CoO, and P3-K, ;Co0, de-
livered similar specific capacities of ~#60 mAh g~ in the poten-
tial window 2.0-3.9 V versus K/K*. The multistep voltage pro-
file originated from strong K*/vacancy ordering, which is sup-
ported by the operando XRD results. Compared to O2-LiCoO,,
P2-Na, ;Co0, and P2-K,,,;CoO, both displayed a steep voltage
drop (Figure 5a), which mainly depended on the ionic radius in-
terslab distance and determined the alkali-metal ion battery work-
ing voltage.[*}1 P2-K, ; CoO, synthesized with a higher K*-ion con-
tent delivered a specific capacity of 80 mAh g=! at 2 mA g~! and

Adv. Sci. 2022, 2105882

average output of 2.7 V versus K/K*.’¢] P2-K, ;CoO, maintained
the P2 structure when the K*-ion content was varied between
0.33 and 0.68, thereby implying a reversible topotactic reaction
(Figure 5b); however, P2-K, ,CoO, exhibited poor cycling stabil-
ity likely due to side reactions with the electrolyte.

In another study, P2-K,,CoO, (s-KCO) microspheres were
synthesized using self-templating.””] The s-KCO electrode
demonstrated a high specific capacity of 82 mAh g=! at 10 mA
g7!, high-rate capability, and excellent cycling stability with 87%
capacity retention over 300 cycles at 40 mA g~' (Figure 5c¢). The
hierarchical microsphere structure provided fast K*-ion and elec-
tron transport pathways and minimized the contact area between

2105882 (5 of 34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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the electroactive materials and the electrolyte, thus reducing un-
desirable side reactions and enhancing K*-ion storage in P2-
K,Co0,. Furthermore, the s-KCO//hard carbon full cell exhib-
ited a high capacity of 71 mAh g! at 30 mA g~! and excellent
capacity retention (>80%) after 100 cycles.l’]

3.1.3. Chromium-Based Electrodes

Most layered K*-ion compounds prepared are having lower K*
concentrations than sodium and lithium analogs!***8-%% because
strong K*-K* repulsion cannot accommodate all the K* ions
in the K*-ion layer, thus generating K*-deficient compounds
(K,MO,; x < 0.7). Computational studies have indicated that only
KScO, and KCrO, are thermodynamically stable layered com-
pounds (Figure 6a). Kim et al. prepared stoichiometrically layered
03-KCrO, and investigated its electrochemical performance as a
KIB cathode.[*] The layered KCrO, was stabilized owing to the
unusual Cr’*-ligand-field preference for octahedral sites, which
compensated for the K*—K*-repulsion-induced energy penalty.
03-KCrO, delivered a discharge capacity of 92 mAh g=! at 5 mA
g~! and exhibited a multistep voltage profile (Figure 6b). During
charging, the 03-KCrO, cathode reversibly transitioned among
03-0"3-P’3-P3-P’3-P3-03 (Figure 6¢). These phase transitions
are more complex than those observed for O3-NaCrO,, which

Adv. Sci. 2022, 2105882

is attributed to strong K*—K* interactions. Moreover, the incom-
plete recovery of K+ ions—even at the end of discharging—shows
that the O’3 structure is not converted into the O3 one, which
is likely owing to the sluggish K*-ion kinetics when x ~ 1 in
K,CrO,. The full cell constructed using the 03-KCrO, cathode
and a graphite anode exhibited a capacity of 82 mAh g™' at 5 mA
g~1.1*01 This work provides insight into the design of stoichio-
metrically layered compounds for application to KIBs. Naveen
etal. synthesized layered O3-KCrS, with a stoichiometric amount
of K*. 03-KCrS, exhibited high electrochemical reversibility be-
tween P3-K; 5,CrS, and 03-K, 4,CrS, because the material mostly
retains the P3 structure

during K* deintercalation/intercalation, thereby enabling fast
K*-ion diffusion through larger prismatic sites. The 03-KCrS,
cathode delivered a specific capacity of 71 mAh g=! and excel-
lent cycling stability with ~90% capacity retention over 1000 cy-
cles owing to the soft sulfide framework, which buffered the K*-
deinsertion/insertion-induced stress.[6!]

Hwang et al. prepared another Cr-based cathode, P3-K ;,CrO,,
from 03-NaCrO, through electrochemical ion exchange, which
is an efficient process when synthesizing layered compounds
is difficult using the conventional solid-state method.[®>] The
P3-K, o CrO, cathode exhibited a discharge capacity of 100 mAh
g™! at 10 mA g! in the range 1.5-3.8 V versus K/K*. Although
this cathode exhibited staircase-like voltage profiles, it reversibly

2105882 (6 0f34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. a) Thermodynamic stability of layered KMO, compounds. b) Typical voltage-capacity curves at a current rate of 5 mA g1 and c) in situ XRD
patterns of 03-KCrO,. Reproduced with permission.[“°l Copyright 2018, American Chemical Society.

transitioned between P3 and P”3 and exhibited outstanding long-
term cyclability at 100 mA g~! with 65% capacity retention over
1000 cycles.[®®] Further studies are required to optimize the elec-
trolyte and reduce the slow ion exchange to improve the potential
for practical applications. Naveen et al. developed a facile method
of synthesizing P'3-K0.8CrO,.l**! The P'3-K,,CrO, cathode dis-
played different O3-KCrO, phase transitions, resulting in differ-
ent electrochemical performances. The absence of the O3 phase
and persistence of the P’3 ones in most redox states contributed
to limited volumetric changes (AV = 1.08%) and rapid K*-ion
diffusion, which eventually resulted in improved cyclability and
99% capacity retention at 218 mA g after 300 cycles.[*?!

3.1.4. Vanadium-Based Electrodes

Vanadium oxides have been investigated as cathode and an-
ode materials for application to rechargeable batteries owing
to their versatile structures, multiple vanadium valence states,
high specific capacities, and high electrochemical reactivity.!®-7°]
K, 5V, 05 exhibits a layered structure formed by edge-sharing oc-
tahedral VO, and K* ions sandwiched between the layers (Fig-

Adv. Sci. 2022, 2105882

ure 7a).”!1 The K, ;V,0; cathode delivered a specific capacity of
90 mAh g=! at 10 mA g! in the range 1.5-3.8 V versus K/K*. To
prepare a full cell using carbon-based anodes, a suitable cathode
must exhibit numerous extractable K* ions because the cathode
serves as a reservoir for reversible K* ions. Although only a trace
of K* ions was extracted from K, ;V,Os during the initial charg-
ing (Figure 7b), this problem was solved by prepotassiation.!”!]
Clites et al. prepared K*-preintercalated bilayered K,V,0,-nH,0O
by the sol-gel method."?) During synthesis, Kt ions and water
molecules are trapped between growing vanadium oxide bilayers
to form 6-K,V,05-nH,0O (Figure 7d). The 6-K,V,05-nH,0 cath-
ode demonstrated a high initial capacity of 226 mAh g~! at 20 mA
g~!. K*-ion extraction and insertion were accompanied by a re-
versible change between V°* and V?* involving two electrons.
The enhanced 6-K,V,05-nH, O performance is attributed to well-
defined sites for electrochemically cycled K* ions and the large in-
terlayer spacing achieved through chemical preintercalation.[”?!
Yang et al. hydrothermally synthesized K,V,0q, and the
cathode delivered a discharge capacity of 107.8 mAh g™! at
10 mA g1.173] The use of a highly concentrated electrolyte [7 m
potassium bis(fluorosulfonyl)imide (KFSI) dissolved in EC:DEC]
supported K,V,0; cycling in a wide potential range 4.5-1.5 V

2105882 (7 of 34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 7. a) Crystal structure of K,5V,05 b) galvanostatic charge/discharge voltage profiles, c) rate capability of Ky5V,0s. Reproduced with

permission.[71 Copyright 2018, Wiley. d) Schematic illustration of chemical pre-intercalation synthesis approach. Reproduced with permission.l’2] Copy-
right 2018, American Chemical Society. €) Ex situ XRD patterns of the K,V;Og4 electrode at various charge/discharge states at 10 mA g~1. Reproduced

with permission.[”3] Copyright 2019, Royal Society of Chemistry.

versus K/K*, and the cathode discharged an average of 2.7 V.
However, the cathode exhibited poor cycling stability with only
73% capacity retention after 50 cycles. Ex situ XRD (Figure 7e)
revealed that the capacity degraded because K,V;0, undergoes
nontopotactic K*-ion extraction/insertion and reversibly changes
between K,V,0,4 and K,V,;0, accompanied by huge volumetric
changes (AV = 23.4%), which caused the electrode materials to
mechanically fail.”3] In the context of layered compounds pre-

Adv. Sci. 2022, 2105882

pared with high initial K*-ion contents, Zhang et al. synthesized
Ky 3V,05.7* The cathode delivered an initial charge capacity of
86 mAh g™! and a reversible capacity of 90 mAh g=' at 10 mA
g~!. Furthermore, it exhibited cycling stability with 86% capacity
retention over 200 cycles. The full cell fabricated using the
K, 33 V,05 cathode and a graphite anode demonstrated an energy
density of 136 Wh kg™! with an average output of 2.4 V. This
study provides some insights for designing high-K*-content

2105882 (8 of 34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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layered cathode materials for application to emerging practical
KIBs.l”4]

In short, the layered single metal oxide cathodes demonstrated
reversible K* deintercalation/intercalation suitable for K* stor-
age in KIBs. However, these single metal compounds suffer from
poor air stability, complex phase transitions, slope voltage, capac-
ity fading, and insufficient cycling stability. Therefore, modify-
ing the structure and composition by substituting suitable met-
als could alter the crystal lattice parameters and thus leading to
improved structural stability and electrochemical performance.

3.2. Dual Metal-Based Electrodes

Although researchers initially focused on single metal oxide-
based electrodes to explore layered cathodes for application to
KIBs, the shortcomings of single metal oxide-based cathodes
such as low capacity, structural instability, multistep voltages,
rapid capacity decay, and low average voltages must be overcome
to design efficient and durable cathodes for application to prac-
tical KIBs. Although Mn-based layered compounds appear to be
promising materials because of their reasonable capacities, low
cost, and environmentally benign manganese, Mn**-induced J-
T distortion and related structural changes lead to poor electro-
chemical performance.”>”’1 To circumvent these issues, many
researchers have doped Mn with other metals and eventually en-
hanced electrochemical performance.

Adv. Sci. 2022, 2105882

3.2.1. Mn/Fe-Based Electrodes

Designing electrodes using low-cost abundant materials is attrac-
tive because it will reduce the overall battery cost. Wang et al.
reported the first-ever abundant Fe/Mn-based K ,Fe,sMn,;0,
layered oxide cathode nanowires, which delivered a high dis-
charge capacity of 178 mAh g! at 20 mA g~1.1”8] The unique in-
terconnected K, ,Fe, sMn,, ; O, nanowire morphology resulted in
superior cycling stability with 87% capacity retention at 500 mA
g1 after 200 cycles. Furthermore, the K, ,Fe, sMn, s O, //soft car-
bon full cell exhibited a capacity of 119 mAh g™ at 20 mA
g1, thereby demonstrating its suitability as a cathode material
for application to KIBs.!”8] P2-K ;s Fe, sMn, O, microspheres (s-
KFMO) were solvothermally prepared by Deng et al. The cath-
ode material exhibited a highly reversible K*-ion storage capacity
of 151 mAh g™' at 20 mA g='. The CV curves (Figure 8a) show
that the charge compensation mechanism involves both low-spin
Mn?**/Mn* and high-spin Fe** /Fe** redox couples above 3.6 V.
A full cell constructed using an s-KFMO cathode and a hard car-
bon anode demonstrated long-term cycle stability with 80% ca-
pacity retention over 100 cycles (Figure 8b). The secondary mi-
crosphere structure decreases the contact area between the active
materials and the electrolyte, thus minimizing unwanted side re-
actions and leading to high Coulombic efficiency.[**]

Liu et al. synthesized a series of Fe-doped K, ,Mn,_,Fe O,
(x < 0.5) to study the influence of Fe substitution on the elec-
trochemical performance. Among the synthesized materials,

2105882 (9 of 34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 9. a) Charge—discharge curves of P3-K 45Mng 5Cog50, b) cyclic stability of P3-Kq 4sMng 5Cog sO,. Reproduced with permission.[1] Copyright
2019, Elsevier. c) Formation energy of P3-K,[Coy sMnj5]O, (0 < x < 1), d) comparison of experimentally measured GITT charge/discharge curve and
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Ky4sMn Fe,,0, delivered a discharge capacity of 106.2 mAh
g™! at 20 mA g! and the best cycling and rate performances.
Excess Fe doping (x > 0.3) decreases the electrode capacity be-
cause most electroactive Mn ions are replaced by Fe ions, which
do not participate in the redox reaction. Optimizing the Fe doping
content could reduce the cathode material polarization and en-
hance the cathode structural stability.””! Masese et al. developed a
unique K, ,Fe, sMn, O, layered oxide cathode comprising triva-
lent Fe*+ and tetravalent Mn**, unlike other Fe/Mn-based layered
oxides comprising both trivalent Fe** and Mn>*.18% This cathode
material delivered a reversible specific capacity of 120 mAh g~!
and an average discharge of 2.8 V. X-ray absorption near-edge
structure (XANES) spectra revealed that charge compensation
involved the cumulative participation of transition-metal cations
and oxygen anion redox reactions during K*-ion extraction and
reinsertion.®®! Because such an oxygen anion redox mechanism
is rarely observed for K*-ion layered oxides, more investigations
are required to elucidate anion redox chemistry.

In short, the Fe metal doping in K, MnO, system enhanced
specific capacity and an average voltage corresponding to Fe3*/*++

redox couple. From the viewpoint of commercial batteries, the
Mn/Fe-based electrodes may be a more suitable choice as these
elements are earth abundant, low-cost, and nontoxic. However,
the J-T effect of Mn3* and Fe** ions must be tackled, and thus
further studies are necessary to optimize these materials for
achieving durable battery performance.

3.2.2. Min/Co-Based Electrodes

Single transition-metal oxides such as P3-K,sMnO, and P2-
K, ,CoO, exhibit multistep voltage profiles owing to multiple
phase transitions and K*/vacancy ordering.*’>% In the binary
metal oxide compound P3-K, ,sMn, ;Co,sO,, the Mn and Co in
the lattice structure suppress the Kt /vacancy ordering and stabi-
lize the cathode structure, resulting in a smooth voltage profile
(Figure 9a). The P3-K;,sMn,;Co,;0, cathode delivered a spe-
cific capacity of 140 mAh g=! involving both the Mn**/Mn* and
Co’*/Co** redox couples and exhibited cycling stability with 80%
capacity retention after 50 cycles (Figure 9b).!) Mn3**-induced

Adv. Sci. 2022, 2105882 2105882 (10 of 34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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J-T distortion unidirectionally increases the MnOg-octahedral
Mn-O distance in discharged Mn-based cathode materials. Choi
etal. obtained P3-K, ,[Co, sMn, 5]O, in which Co** replaced half
the Mn** and increased the Mn oxidation state above 3.5+, thus
minimizing the J-T distortions.®?! First-principles calculations
predicted the formation energies of several stable intermediate
phases as functions of K*-ion content (Figure 9c).

The predicted voltage profile matched well with the experimen-
tal galvanostatic intermittent titration technique (GITT) mea-
surements and exhibited a smooth voltage profile compared to
nondoped K, MnO, cathodes (Figure 9d). In addition, two types
of Mn—O bonds were longer than the others in MnO, octahe-
dra in the pristine P3-K,,sMnO, structure. All the MnO; octa-
hedra Mn—O bond lengths are similar in the Co-substituted P3-
K, 75[Co,sMn, 51O, structure (Figure 9e,f), which implies that Co
substitution effectively mitigated the Mn**-induced J-T structural
distortion.[®?] The P3-K,,4Mn, ,Co, O, cathode exhibited a dis-
charge capacity of 64 mAh g=! and an average output of 3.0 V ow-
ing to the solid-solution K* deintercalation/intercalation mech-
anism. Furthermore, the cathode displayed stable cycling and
good capacity retention (81%) after 180 cycles. These studies in-
dicate that further optimizing the layered oxide Mn/Co content
could lead to the design of high-performance KIB cathodes.!®*]

Briefly, the optimal amount of Co** substitution was found to
effectively suppress the J-T distortions caused by Mn** and thus
make possible to obtain smoother voltage curves without multi-
ple steps. However, the Co is toxic and expensive which hampers
its use in practical batteries.

3.2.3. Mn/Ni-Based Electrodes

Incorporating Ni?* into K, MnO, could replace the J-T distortion-
active Mn** ions, and Ni**/** redox couple in the high-voltage re-
gion to contribute to high energy density. Nathan et al. developed
a layered P2-K, 5[Ni; ;Mn, 3]0, (KNMO) cathode through elec-
trochemical ion exchange from sodium compounds.*!l When
P2-Na, 4[Ni; 3Mn, 3]0, (NNMO) was continuously cycled in a
K*-containing electrolyte, nearly all the Na* ions were progres-
sively replaced by K* ones. The KNMO exhibited more voltage
steps than NNMO, indicating that frequent K* /vacancy ordering
is required to transport larger K* ions compared to Na* ones
(Figure 10a,b). The higher K*-ion preference at prismatic sites
transitioned the P2 to O2 at a higher voltage (4.65 V vs K/K*).
The decelerated P2-02 transition and rapid diffusion during K*-
ion extraction enabled KNMO charging, even at a high (15 C)
rate (2850 mA g~!). The cathode delivered a discharge capacity of
82 mAh g~! and exhibited excellent rate capability by maintaining
the P2 phase in a wide potential window 1.5-4.5 V versus K/K*
(Figure 10c).*!l Adopting the same electrochemical ion-exchange
method, P2-K, 55[Ni; ;;Mn, ;]O, was synthesized when ions were
exchanged in a slightly wider range 1.5-4.3 V versus K/K*.[84]
The cathode delivered a high reversible capacity of 110 mAh g~}
at 20 mA g! and exhibited excellent cycling stability with 83%
capacity retention over 500 cycles at 1400 mA g~!. The XANES
measurements showed that P2-K, ;5[Ni, ;Mn, 3]0, involves the
Ni%*/Ni** redox couple, while Mn** is inactive during K*-ion
extraction/insertion. However, because the Mn** does provide
structural stability, the material undergoes a single-phase reac-
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tion that maintains the P2 phase in the operation voltage range.
The experimental results were supported by first-principles cal-
culations. The calculated formation energies predicted that P2-
K,[Ni; ;Mn,;;]0, was more stable than O2-K,[Ni,;Mn,;]O,
(Figure 10d). As shown in Figure 10e, the predicted redox poten-
tial is in line with the experimentally measured charge—discharge
profile. The predicted structural changes are plotted as functions
of K*-ion content in Figure 10f. When x approaches ~ 0 or 1
in P2-K,[Ni, ;Mn, ;]0,, the variation in the prismatic (P2) struc-
ture causes layer gliding along the c-axis, resulting in the forma-
tion of octahedral (02) structures.® Similarly, Choi et al. pre-
pared a high-energy-density P'2-K, 45[Ni, jsMn, 4]0, cathode by
electrochemically ion-exchanging P'2-Na, ;;[Ni; s Mn, 45]0,. The
P2-K, 53[Nij 5sMny 45]O, cathode delivered a high specific capac-
ity of 155 mAh g~! and exhibited a high energy density of 420
Wh kg~!. Interestingly, the cathode demonstrated excellent struc-
tural stability by maintaining the P"2 phase without transitioning
to the OP4 one during K*-ion deintercalation/intercalation com-
pared with other P'2-based layered cathode materials for applica-
tion to NIBs.®-%7] Notably, the low activation barrier energy (271
meV) for K*-ion transport enables the high-rate performance of
78 mAh g=! at 2600 mA g~'. Furthermore, the full cell assembled
using the P'2-K) ¢3[Ni; ;sMn, o5]O, cathode and a hard carbon an-
ode delivered a capacity of 135 mAh g~! and exhibited long-term
cycling stability with 80% capacity retention after 300 cycles.[8]
Zhang et al. used a solid-state method to synthesize a P2-
Ky 44Nij,,Mn,,,cO, cathode, which delivered a specific capacity
of 125.5 mAh g™ at 10 mA g~! and retained 67% of its initial
capacity after 500 cycles. Notably, a trace of NiO impurities in
the as-synthesized material was electrochemically inactive dur-
ing charging and discharging. The in situ XRD patterns (Fig-
ure 10g) show that this material undergoes a single-phase transi-
tion and exhibits a small volumetric change (1.5%) upon K*-ion
extraction/insertion.®! Partially substituting Ni** for Mn** in
P3-K,MnO, effectively mitigated the structural deterioration due
to the Mn**-ion-induced J-T effect.”®) The P3-K s[Ni, ;Mn, 4]0,
cathode delivered a specific capacity of 121 mAh g=! with 82% ca-
pacity retention after 100 cycles. The operando synchrotron XRD
patterns revealed the structural evolution during K*-ion extrac-
tion/insertion in the developed compounds (Figure 10h-k). P3-
Ko 5[Niy;Mn, 4]0, reversibly transitions among the phases P3,
03, P3, and P’3 during charging and discharging. When the K*
ions were extracted, the interlayer distance increased owing to
oxygen—oxygen repulsion, which is reflected in the c-axis param-
eters (Figure 10k). The variation in the transition-metal valence
states (i.e., Ni**/** and Mn**/**) influences the a-axis parameter
because of the bond between the transition metal and the oxygen
in the layered compounds. Compared to pristine P3-K,;MnO,,
Ni-substituted P3-K,;[Ni,;Mn,,4]O, exhibited better structural
stability because of its smaller lattice changes (Figure 10i,k).[7°]
Bai et al. used a solid-state method to synthesize a series of
P3-K,s;Mn;_ Ni O, (x = 0, 0.08, 0.17, and 0.33) layered com-
pounds. The P3-K; ;Mn, 4 Nij,;,0, compound prepared using
the optimal Ni-content effectively suppressed the Mn3**-induced
J-T distortions, reduced the structural deterioration, and even-
tually enhanced the cathode electrochemical performance. The
P3-K, ¢;Mny ¢;Nij;;,0, cathode delivered a specific capacity of
122 mAh g™' at 20 mA g~! and exhibited good cycling stability
with 75% capacity retention at 500 mA g=! after 200 cycles.””]

2105882 (11 0f34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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K* /vacancy ordering limits K*-ion diffusion kinetics and the
practical capacity of layered compounds and causes layered ox-
ides to exhibit step-like voltage profiles and numerous CV-curve
redox peaks.[*!l Xiao et al. studied the effect of the K*-ion con-
tent on the transformation from a K*/vacancy-ordered structure
to a K*/vacancy-disordered one.[*] The high K*-ion content af-
fects the interlayer K*—K* electrostatic repulsion and reduces the
K*-ion site energy differences, thus breaking the K*/vacancy-
ordered structure. K*/vacancy-disordered K;,Mn,,Ni,;0, ex-
hibits much better rate performance and a higher discharge ca-
pacity than K* /vacancy-ordered K, ,Mn, ,Ni; ;O,. The full cell as-
sembled using the K;,Mn,,Ni,;0, cathode and a soft carbon
anode delivered a capacity of 95.1 mAh g=! at 100 mA g~! and
retained 86.4% of its initial capacity after 100 cycles.!*”!

In summary, the partial substitution of Ni** replaced J-T ac-
tive Mn* and suppressed the P2-O2 phase transitions and struc-
tural degradation. Further, the Ni**/** redox couple is able to pro-
vide high average voltage, which is beneficial for developing high-
energy density batteries. But the Mn/Ni-based compounds com-
monly suffer from K* /vacancy ordering which leads to multiple
voltage steps. The design of K* /vacancy disordered structures by
tuning the elemental composition is found to be efficient strategy
to improve the performance.

3.2.4. Mn/Mg-Based Electrodes

Doping electrochemically inactive elements is an efficient strat-
egy for improving the electrochemical performance of layered
oxide cathodes. Although the nonredox behavior of dopants
minimizes the overall material charge storage, dopants can
stabilize crystal structures, suppress phase transitions, elimi-
nate unwanted order—disorder transitions, and act as pillars to
strengthen mechanical properties.®! Liu et al. partially substi-
tuted inactive Mg for Mn and stabilized the P3-K ,sMn, 4Mg , O,
structure during cycling. X-ray photoelectron spectroscopy (XPS)
indicated that substituting Mg?* for Mn** could increase the
Mn*" content, which is beneficial for suppressing the J-T dis-
tortion (Figure 11a,b).?l The initial discharge capacities of
the pristine K, ,sMnO, and doped K, ,;Mn,,Mg,,0, cathodes
were 116.3 and 108 mAh g1, respectively. K, ,sMn,,Mg,,0,
exhibited a lower initial capacity because electrochemically in-
ert Mg?* ions had partially substituted for some active Mn**
ions. However, the doped K, ,sMn,,Mg,,0, demonstrated im-
proved cycling stability and rate performance compared to pris-
tine K, ,sMnO, because substituting Mg?* reduces the volumet-
ric change, increases the lamellar spacing for rapid K*-ion extrac-
tion/insertion, and contributes to the high-rate performance.[®?!
Similarly, Mg-substituted hierarchical H-K,,Mn,,;Mg,;0, mi-
croparticles exhibited a high reversible capacity of 144.5 mAh
g~! at 20 mA g'. The Mg-substituted H-K,,Mn,,Mg, ;O, cath-
ode displayed fewer voltage steps and less polarization than the
pristine H-K;,MnO, one (Figure 11c,d). Furthermore, the full
cell assembled using the H-K, ;Mn, ;Mg ;O, cathode and a hard
carbon anode delivered a discharge capacity of 73.5 mAh g~!
at 100 mA g™! and retained 75% of its initial capacity after 100
cycles.[*?]

Xu et al. substituted inactive Ti** for active Mn*" in P2-
K;,,MnO, to prepare a series of P2-K,Mn, ,Ti,O, (0 < x
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< 4/9) compounds.?! In situ XRD analysis revealed cath-
ode structural changes during K*-ion extraction and inser-
tion. Pristine P2-K;,MnO, displayed structural degradation
and multiple transitions among the P2, P2, 02, OP4, P72,
and P2 phases (Figure 1le). In contrast, the Ti-doped P2-
KoMn; 4Ti) 0O, XRD pattern showed the opposite trend (Fig-
ure 11f), thus providing improved electrochemical performance.
Therefore, Ti** effectively diminished TMO, slab gliding and
prevented the destructive P2-O2 phase transition by promot-
ing the highly reversible P2-OP4 phase transition during charg-
ing and discharging.[?! Nathan et al. synthesized inactive Sb>*-
doped P2-K, ;,[Cr,45Sby15]0, (KCSO) by a solid-state method
and then compared its electrochemical properties with those
of P2-K; ¢, Na, o5[Cry ¢5Sby 15]O, prepared using electrochemical
ion exchange.['?! The ion-exchange P2-K, ¢, Na, s[Cr; g5 Sbg 1510,
(IE-KCSO) was obtained by cycling the P2-Na, ;,[Cr, 45 Sbg 15]0,
sodium compound in the K*-ion electrolyte. Notably, the IE-
KCSO contained Na* ions, even after prolonged cycling, and
demonstrated superior electrochemical performance by retain-
ing 96% of its initial capacity after 100 cycles in contrast to only
76% capacity retention for KCSO. As shown in Figure 11g,h,
a trace of Na* ions remaining in IE-KCSO causes smaller di-
mensional changes in IE-KCSO and facilitates K*-ion diffu-
sion during charging and discharging, which contributes to
the superior cyclability and rate capability.'?l This result was
further supported by a systematic study of the influence of
Na* substitution on the cathode electrochemical performance
by Liu et al., who varied the Na content to synthesize layered
Ko ¢7-+Na,Nij ;,Coy1,Mn 4,0, (¥ < 0.5) by coprecipitation fol-
lowed by a solid-state reaction.®*l Reportedly, introducing Na*-
ions affects the crystal structure, the electrode morphology, and
eventually the electrochemical behavior. Compared with pristine
P3-K, 4;Ni, ;,Coy 1;Mn 4 O,, the Na*-substituted compounds ex-
hibited improved electrochemical performance. However, excess
Na*-ion substitution (x > 0.3) suppressed K*-ion migration dur-
ing charging and discharging; thus, an efficient cathode was ob-
tained when the Na*-ion content was suitably adjusted within a
reasonable range.*

In summary, the doping of electrochemically inactive elements
(Mg?*+, Ti**) is a useful strategy to suppress the structural tran-
sition and improve the long-term cyclability of the layered com-
pounds. The Mg?* mitigated J-T distortions and increased in-
terlayer spacing for K* diffusion leading to high rate capabil-
ity. The Ti** substitution prevented layer gliding and thus im-
proved structural stability during charge/discharge. The excess
doping of inactive elements decreases the specific capacity, so the
dopant concentration must be carefully tuned for designing effi-
cient electrode materials.

3.3. Multimetal-Based Electrodes

Although the binary metal oxide cathodes demonstrate enhanced
electrochemical performance compared to the single metal ox-
ide systems, they could not meet the requirements of practi-
cal KIBs. Therefore, the design of new materials with multiple
metals could combine the synergistic effect of different metals
and thus leading to improved performance. The commercial-
ization of ternary compounds LiNi,Co Mn,O,, where x + y +
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Figure 11. High-resolution XPS spectra of a) Mn 2p and b) Mg 2p in H-Ky ;Mng ;Mng30,. Reproduced with permission.[®2] Copyright 2019, Wiley.
Galvanostatic charge—discharge profiles of ¢) H-Ky ;MnO, and d) H-Ky ;Mng ; Mg, 30,. Reproduced with permission.[>3] Copyright 2020, Elsevier. In situ
XRD patterns and corresponding voltage—capacity curve of e) P2- K5 ;sMnO, and f) P2- K5;gMn; 9 Ti; 90, at 10 mA g~ ~1. Reproduced with permission.[?°]
Copyright 2020, Elsevier. Dimensional changes at various states-of-charge in g) P2-K0.7[Cr0A355L0 15105 and h) P2-K 6, Nag ¢3[Crg g5 Sbg 15]05. The solid
and hollow circles denote changes in the c-axis and a-axis lengths, respectively. The XRD patterns for (002) and (010) peaks are shown in the left and

right panels, respectively. The (010) peaks are magnified by 10. Reproduced with permission.!'?] Copyright 2020, Electrochemical Society.

z =1 (NMC) and LiNi, 4Co,;Al, (sO, (NCA) for application to
LIBs!®*l and Na-NCM layered cathodes for application to NIBs!*®!
paved the way for designing K*-containing ternary metal lay-
ered cathodes for application to KIBs. However, K*-containing
ternary metal layered cathodes may not be directly applicable to
KIBs because larger K* ions cause such cathodes to exhibit more
structural evolution and complex electrochemical behavior. From
the knowledge gained by exploring LIB and NIB cathodes, Liu
et al. developed a K ¢, Ni, ;,Co, ;,Mn, (O, layered ternary mate-
rial. The cathode delivered a reversible capacity of 76.5 mAh g
and an average output of 3.1 V. The charge-storage mechanism
was accompanied by Mn** /Mn** and Ni?*/Ni** redox reactions,
while Co doping supposedly stabilized the cathode structure.*”]

Adv. Sci. 2022, 2105882

Furthermore, designing specially structured layered cathode
materials can facilitate rapid K*-ion transport owing to short dif-
fusion paths and can accommodate stress induced by continuous
K*-ion extraction/insertion. The P3-K, sMn, ;,Ni, ;5Co, 30, mi-
crospheres tested as cathodes exhibited improved electrochem-
ical performance with an initial discharge capacity of 82.5 mAh
g7! and excellent cycling stability with 85% capacity retention
after 100 cycles at 50 mA g=1.1®! In another study, Dang et al.
improved the P3-K, ,sNi,;Co,;Mn, 0, electrochemical perfor-
mance by doping Mg?** and AI** into Mn sites.””] Mg?*/A}*
doping increased the K*-layer interlayer spacing, which may de-
crease K* migration resistance during cycling. Compared to the
pristine sample, the doped samples exhibited lower discharge
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Figure 12. The electrochemical performances for the pristine P3-Ky 45NigCoo1Mng30,, Mg-doped, and Al-doped cathodes. a) Galvanostatic
charge/discharge curves and b) cycling performance at 20 mA g~". Reproduced with permission.[**] Copyright 2020, Elsevier. c) Operando synchrotron
XRD patterns for the P3-K, 5[Mng gFeq 1Nig 1]O, and d) the lattice parameters calculated from operando SXRD patterns during the charge—discharge
processes. Reproduced with permission.[19"] Copyright 2020, Elsevier. e,f) Schematic from the DFT calculation for Mn—-O bonding distances of K, s MnO,
and Ky gMng gNig 1 Tig 105, respectively. Predicted K* diffusion paths and activation barrier energy in the Ky ¢Mng gNig 1 Tig 1O, by first-principles calcu-
lation, g) K¢ to K¢, h) K¢ to K, i) K, to K, and j) corresponding energy barriers for the migration pathways displayed in (g—i) by using the NEB method.

Reproduced with permission.[103] Copyright 2021, Elsevier.

capacities because of the lower Mn3*/4+ active redox content be-
cause Mg?* /AI** did not participate in charge compensation (Fig-
ure 12a). However, Mg?" and AI** doping improved the cathode
cycling stability (Figure 12b) by minimizing the Mn**-induced J-
T distortion, enlarging the K*-ion diffusion layer, and enhancing
the cathode structural stability.[”]

Hwang et al. prepared P2-K,,5[Mn,¢Ni,,Fe,,]O, by electro-
chemical ion exchange, and the cathode demonstrated reversible
K*-ion (0.5 mol) storage and thus delivered a capacity of 110 mAh
g~! without transitioning through multiple phases in the range

Adv. Sci. 2022, 2105882

1.5-3.9 V versus K/K*+.[1%] The low K*-ion diffusion activation
barrier (580 meV) was predicted for P2-K [Mn,Ni,,Fey;]O,
using nudged elastic band (NEB) calculations. Because P2-
Ko 75[Mny¢Ni, , Fe,,]O, exhibited large 2D K*-ion diffusion path-
ways and a low activation barrier, it also exhibited excellent rate
capability. Moreover, the P2-K,5[Mn,¢Nij,Fe;;]O,//hard car-
bon full cell exhibited excellent long-term stability over 1000 con-
tinuous cycles.'® By varying the K*-ion content, Choi et al.
prepared P3-K, s[Mn, ¢Fe,,Nij,;]O, using a combustion-assisted
solid-state reaction. Partially replacing Mn?* with Fe** and Ni**

2105882 (15 of 34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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increased the average Mn valence state to 3.75+, which mitigated
the J-T distortions and structural degradation. The structural
evolution (Figure 12¢,d) investigated using synchrotron XRD
showed that the electrode undergoes reversible phase transitions
such as P3-03 during charging and 03-P3-P’3 during discharg-
ing. Because the reversibility slightly varied (~4.1%) the struc-
ture, the P3-K, s[Mn, ¢Fe, Ni,;]O, cathode delivered a high dis-
charge capacity of 120 mAh g=! and retained 74% of its initial
capacity after 300 cycles.!1%!]

The P3 compounds usually transition from P3 to O3 during
K*-ion extraction, which slows K*-ion mobility and rapidly
degrades the cathode capacity and may be ascribed to a higher
activation barrier within the O framework and a substantially
contracted crystal structure. Interestingly, Fe**/Ti*"-codoped
P3-K,,Fe, Mn,Ti,;0, demonstrated a solid—solution tran-
sition without an obvious P3-O3 transition during K*-ion
extraction/insertion in voltage window 1.8-4.0 V versus K/K*.
The P3-K,,Fe,;Mn, Ti,;0, cathode delivered an initial ca-
pacity of 117 mAh g and exhibited long stability over 300
cycles and negligible volumetric change (0.5%).[1%21 Similarly,
the P2-K,Mn,¢Ni,Ti;;0, solid solution did not exhibit any
other phase transition (including OP4 or O2) and even charged
to a high voltage of 4.2 V. In contrast, pristine P2-K, ,MnO,
exhibited complex P2-OP4-X phase transitions during K*-ion
extraction.'®] Furthermore, complex phase transitions consid-
erably changed the pristine cathode c-axis lattice parameter (Ac
= 31%), whereas the doped P2-K, ;Mn, ¢Ni, Tij; O, cathode ex-
hibited much less variation in the c-axis parameter (Ac = 2.4%).
Clearly, Ni**/Ti** doping not only mitigates J-T distortions
(Figure 12e,f) but also maintains the layer structural integrity,
thereby improving the high-voltage performance. Three possible
K*-ion migration pathways predicted using the climbing-
image nudged elastic band (CI-NEB) method are shown in
Figure 12g—.[1%%]

Recently, Liu et al. studied the influence of Mg?*/Ni** codop-
ing on the K ,MnO, electrochemical performance and syn-
thesized various K,;,MnMg,_,,Ni,_,),0, composite com-
pounds (x = 1, 9/10, 5/6, and 2/3) using the sol-gel method.
Mg?* /Ni?* cosubstitution remarkably influenced the K MnO,
crystal structure. At low concentrations, Mg?* and Ni** ions re-
portedly prefer to occupy the TM layer and begin to enter the
K*-ion layer at higher concentrations.['%] The K*-ion layer Mg?*
or Ni** jons serve as a pillar to prevent layer gliding, and Mg-
Ni pinning suppresses multiphase transition in K, MnO, during
K*-ion extraction/insertion.['®] Designing high-voltage K*-ion-
containing layered cathodes to achieve high-energy-density KIBs
is currently a hot research topic. Masese et al. reported a unique
honeycomb layered K,Ni,TeO, cathode, which exhibited a high
average output of 3.6 V versus K/K*. The Ni**/Ni*" redox poten-
tial increased because of the [TeO4]°~ moiety induction, which
is more electronegative than 0,27.11%] In addition, they modified
the tellurium content and synthesized a P2-K, ;Ni; ;Co, 3 Te; 0,
multitransitional metal oxide cathode, which although delivered
a low discharge capacity, displayed a high output of 4.3 V ver-
sus K/K* and is by far the highest voltage ever recorded for KIB
layered cathodes.['””] A summary of the synthesis method and
electrochemical performance of layered oxide cathodes in half-
cell KIBs and full-cell KIBs are listed in Tables 1 and 2, respec-
tively.
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3.4. Na-Based Cathodes for K*-lon Storage

In addition to K*-ion-containing layered cathodes, there have
been a few reports on Na‘*-containing layered materials for ef-
ficient K*-ion storage. For example, Sada et al. demonstrated re-
versible K*-ion intercalation in P2-Na, 4, CoO, wherein the cath-
ode delivered a reversible capacity of 82 mAh g=! (Figure 13a).
The P2-Na,4,CoO, cathode was initially charged in a K*-ion-
containing electrolyte for desodiation. During the subsequent
discharge, K* ions started replacing Na* ones through progres-
sive intercalation, and Na,;,K,CoO, was formed after several
charge—discharge cycles (Figure 13b).['%] Furthermore, they de-
veloped another layered material (Na,Mn,;0,) as a K*-ion-storage
host structure. The Na,Mn; 0O, cathode delivered a high capacity
of 152 mAh g~! and an energy density of 320 Wh kg=1.[1%]

In another study, O3-Na, ,Cr, oRu, , O, exhibited enhanced K*-
ion diffusion comparable and even superior to Na*-ion diffusion
(Figure 13¢)."'% During Na* extraction, Na* ions do not directly
diffuse in O3 crystals, and Na* ions diffusing through tetrahedral
interstitial sites must overcome the high energy barrier therein.
During K*-ion intercalation, on the other hand, K* ions diffuse
from prismatic sites to others in a large interlayer space. The Ru-
substitution-induced structural support and rapid K*-ion diffu-
sion kinetics enabled the Na,,Cr,,Ru,;0, to exhibit an excel-
lent capacity retention of 81.2% after 500 cycles at a high rate (5
C).I1% Naveen et al. developed P'3-Na, 5,CrO, as a KIB cathode,
which delivered a specific capacity of 88 mAh g~! and an aver-
age discharge potential of 2.95 V versus K/K*.['!!] In contrast to
Na, 4,C00,,[1%! the P'3-Na, 5, CrO, exhibited uniquely distributed
Na* and K* ions, forming a biphasic structure during K*-ion in-
sertion (Figure 13d). The reversible transition between monopha-
sic (Na, sCrO,) and biphasic NaCrO, /K, (Na, ;,CrO, during cath-
ode charging and discharging, respectively, decreased the volu-
metric changes and shortened the K*-ion diffusion path, which
contributed to the high-rate and cycling performance.[''" These
studies provide insights for applying current Na*-ion-containing
layered materials to K*-ion storage. Further investigations on
Nat/K*-ion-containing cathode materials are required to develop
efficient KIBs.

3.5. Hybrid Potassium-lon Capacitor (KIC)

Supercapacitors are a class of energy storage systems that exhibit
high power density and superior cycle life to secondary batteries
but have comparatively low energy density.l'!3"1%°] In recent years,
metal-ion hybrid capacitors (MICs) have been developed that
bridge the gap between batteries and supercapacitors by combin-
ing battery-type anodes with capacitor-type cathodes. Numerous
different MICs have been reported in the literature including the
lithium-ion (LIC), sodium-ion (NIC), potassium-ion (KIC) and
zinc-ion capacitors (ZIC), among others.[1111% Comte et al. re-
ported the first hybrid KIC using graphite (battery type) as the an-
ode, activated carbon (capacitor type) as the cathode and a 0.8 m
KPF, EC:DMC electrolyte.[!?°l During the charging process, the
K* ions are intercalated into the anode while the PF;~ anions in
the electrolyte are adsorbed on the cathode surface, forming an
electric double layer. During the discharge process, the K* ions
are deintercalated from anode and the PF,~ anions are released
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Material Synthesis method Electrolyte Voltage  Discharge capacity [nAh  Capacity retention [%]/  Refs.
window g~']/ current density current density
\J [mAg™] [mA g~"/cycle
Ko3MnO, Thermal decomposition 1.5 m KFSl in EC:DMC 1.5-3.5 70/27.9 57/27.9/685 [45]
P3-Kj 4sMnO, Coprecipitation 0.8 4 KPFg in EC:DEC 1.5-4.0 128.6/20 70.8/20/100 [46]
P3-K,sMnO, Solid state 0.7, KPFs in EGC:DEC  15-3.9 106/5 70/20/50 [47]
P3-K, sMnO, Two-step self-templating 0.8, KPFg in ECDEC  1.5-3.9 104/10 89.1/200/400 48]
P2-Kq 5, MnO, Sol-gel 6.0, KFSI/diglyme (G2)  1.7-4.0 78/50 90.5/50/300 53]
Ky 35Mn; Og Solid state 0.8, KPFg in EC:DEC  1.5-4.0 110/10 94.9/50/100 [54]
P2-Ky 41C00, Solid state 1.0, KFSIin EC:DEC  2.0-39 57/11.8 96/11.8/30 [43]
P3-Ky3C00, Solid state 10, KFSIin EG:DEC  2.0-3.9 60/11.5 91/11.5/30 [43]
P2-K, ¢CoO, Solid state 0.7, KPFy in EC:DEC  1.7-4.0 80/2 60/100/120 [56]
P2-K; CoO, Two-step self-templating 0.9 4 KPFg in EC:DEC 1.7-4.0 82/10 87/40/300 [57]
03-KCro, Solid state 0.7  KPFg in ECDEC  1.5-4.0 92/5 67/10/100 [40]
03-KCrs, Solid state 1.0 KFSlin EC:DEC ~ 1.8-3.0 71/8.65 90/173/1000 [61]
P3-Kq 65CrO, Electrochemical ion 0.5\, KPFg in EC:DEC 1.5-3.8 100/10 65/100/1000 [66]
exchange
P’3-KygCrO, Solid state 0.5\ KPFg in EC:DEC 1.5-3.9 91/10.9 99/218/300 [42]
Ko.5V,05 Hydrothermal 1.0 4 KFSl'in EC:DEC 1.5-3.8 87.5/20 81/100/250 [77]
6-Ky4,V,05-0.25H,0 Two-step synthesis 0.8 4 KPFg in EC:DEC 2.0-43 226/20 74/20/50 [72]
K,V;04q Hydrothermal 7.0\ KFSlin EC:DEC  1.5-45 107.8/10 73/10/50 73]
Ko.53V, 05 Chemistry route 7.0, KFSIin EGDEC  1.5-4.3 90/10 86/10/200 (74]
Ko.7FegsMng 5O, Electrospinning 0.8 \, KPFg in EC:DEC 1.5-4.0 178/20 85/500/200 [78]
P2-Ky g5 Feg.s Mg 5O, Solvent thermal 0.9 KPFg in ECDEC  1.5-4.2 151/20 78/100/350 [44]
P3-K, 4sMng 5 Feg, O, Solid state 0.8, KPF, in EC:DEC  1.5-4.0 106.2/20 77/20/100 [79]
Ko.4FegsMng 5O, Solid state 1.0, KFSAin Pyr13FSA  13-3.8 120/12.5 85/12.5/50 180]
P3-Kg 45 Mng 5 Cog s O, Sol-gel 0.8, KPFgin ECDEC  1.2-3.9 140/10 80/50/50 81]
P3-Ky 54[Cog sMng 51O, Combustion 0.5  KPFg in ECDEC  1.5-3.9 120.4/20 85/20/100 82]
P3-Ky 4gMn 4Cog60; Solid-state 0.5, KPFg in EC:DEC  1.0-4.2 64/6 81/12/180 83]
P2-K.;/3[Niy 3Mn;, 3]0, Electrochemical ion 0.5\, KPFg in EC:DEC 1.5-4.5 82/86 99/86/100 [41]
exchange
P2-Kq75[Niy3Mn, 3]0, Electrochemical ion 0.5\, KPFg in EC:DEC 1.5-4.3 110/20 86/20/300 [84]
exchange
P'2-Kg g3 [Nig.05Mng o510, Electrochemical ion 0.5, KPFy in EC:DEC  1.5-43 155/52 77/520/500 [88]
exchange
P2-Kg 44 Nig2,Mng 750, Solid state 0.8 4 KPFg in EC:DEC 1.5-4.0 125.5/10 67/200/500 [89]
P3-Ky 5[Nig 1 Mng 4]0, Combustion 0.5 4 KPFg in EC:DEC 1.5-3.9 121/10 82/10/100 [76]
P3-Kg 67Mng g3 Nig 170, Solid state 0.8 4 KPFg in EC:DEC 1.5-3.8 122/20 75/500/200 [77]
P3-Ky7Mng 7Nig 30, Solid state 0.8 \; KPFg in EC:DEC 2.0-3.9 125.4/100 93.6/100/150 [90]
P3-Kg 45 MnggMgg 10, Solid state 0.8 \; KPFg in EC:DEC 1.5-4.0 108/20 74.8/20/100 [92]
Ko.7Mng ;Mg 30, Resorcinol-formaldehyde 0.8 4 KPFg in EC:DEC 1.5-4.0 144.5/20 82.5/100/400 [93]
P2-Ky 7[Crg 85 Sbg 1510, Solid state 0.5 4 KPFg in EC:DEC 1.5-4.3 70/15.4 76/77/100 [12]
P2-Ky 6, Nag 0g[Cro g5 Sbg 1510, Electrochemical ion 0.5 4 KPFg in EC:DEC 1.5-4.3 78/15.4 96/77/100 [12]
exchange
P3/P2- Ky 37Nag 3 Nig 17C0017Mng 660, Coprecipitation 0.8 4 KPFg in EC:DEC 2.0-43 86.1/20 62/100/100 [94]
P3-Ky 67 Nig 1,C0 17 Mg 660, Coprecipitation 0.8, KPFy in EC:DEC  2.0-4.3 76.5/20 87/20/100 [97]
P3-Ky sMng 7, Nig 15C00.1305 Solvothermal 0.8, KPFy in EC:DEC  1.5-4.0 82.5/10 85/50/100 [98]
P3-Kq 45 Nig.1C0g 1Al 0s Mng 750, Solid state 0.5 KPFg in ECDEC  1.5-4.0 84.5/20 77.4/20/100 [99]
P2-Ko 75[Mng g Nig 1 Fey 110, Electrochemical ion 0.5\, KPFg in EC:DEC 1.5-3.9 110/10 70/100/200 [100]
exchange
P3-Kq5[Mng g Feq 1 Nig1]0, Combustion 0.5 4 KPFg in EC:DEC 1.5-3.9 120/50 74/50/300 [107]
(Continued)
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Table 1. (Continued).

Material Synthesis method Electrolyte Voltage  Discharge capacity [mAh  Capacity retention [%]/  Refs.
window g~"]/ current density current density
I\ [mAg™] [mA g~"/cycle

P3-K, 4 Feo 1 MngTig 1O, Solid state 0.5, KPFg in ECDEC  1.8-4.0 117/20 74/200/300 [102]
P2-Kg sMng g Nig 1 Tig 10, Solid state 0.5, KPFs in ECDEC  1.5-4.2 118/10 88/200/100 [103]
P3-K;,,Mns Mgy 1, Niy 1,0, Solid state 0.5 4 KPFg in EC:DEC  1.5-3.9 83.3/120 70.4/120/200 [105]
P2-Nag 5, CoO, Solution combustion 0.8, KPFg in EC:DEC  2.0-4.0 82/10 58/20/50 [108]
03-Nag 4 CryoRug 10, Solid state 0.8, KPFg in EC:DEC  15-3.3 100.6/10 81.2/500/500 [110]
P'3-Nag5,CrO, Solid state 1.0 KFSlin EC:DEC  2.0-3.6 88/12.5 67/500/200 11
P3-Ky 45 Nig ,C0p,Mng 6O, Solid state 0.8, KPFg in EC:PC 1.5-4.2 57/40 76.2/40/150 [112]
Table 2. Electrochemical properties of layered oxide cathodes in full-cell KIBs.

Material Anode Electrolyte Voltage Discharge capacity [mAh Capacity retention [%]/ Refs.

window g~ ']/current density current density
\J| mAg™] [mA g™"]/cycle

Ko.3MnO, Hard carbon & Carbon black 1.5 4 KFSIin EC:DMC 0.5-3.4 90/32 50/32/100 [45]
P3-KosMnO, Graphite 0.8y KPFg in EC:DEC 05-3.4 60.2/10 66.7/10/50 48]
P2-Ky 40O, Graphite 0.7  KPFg in EC:DEC 1.5-4.0 52/3 52/3/5 [56]
P2-K, 6Co0, Hard carbon 0.9, KPFg in EC:DEC 0.5-3.8 71/30 80/30/100 157]
Ko.g3V20s Graphite 7.0, KFSl in EC:DEC 0.5-3.9 75/10 80/10/30 [74]
03-KCrO, Graphite 0.7 s KPFg in EC:DEC 0.5-4.0 97/5 53/5/10 [40]
Ko7 FesMng 5O, Soft carbon 0.8y KPFg in EC:DEC 0.5-3.5 82/40 76/100/250 78]
P3-Ko 4sMng gFeg, 0, Super P 0.8  KPF in EC:DEC 0.5-3.5 55/50 76/50/50 (79]
P2-K 65 FegsMng sO, Hard carbon 0.9 \y KPFg in EC:DEC 0.5-3.5 75/100 80/100/100 [44]
P3-Ky 54[Cog s Mg 510, Hard carbon 0.5 4 KPF, in EC:DEC 0.5-36 96/20 82/20/100 82]
P’2-Ky g3 [Nig os Mg 0510, Hard carbon 0.5 4 KPF4 in EC:DEC 0.5-4.0 135/52 80/52/300 88]
P2-Kg 44 Nig 22MNg 750, Soft carbon 0.8y KPFg in EC:DEC 0.5-3.5 70/50 90/50/500 89]
P3-Ko,Mng,Nig 50, Soft carbon 0.8  KPFg in EC:DEC 1.1-35 95/100 86.4/100/100 [90]
Ko.7Mng ;Mgo 30, Hard carbon 0.8 \y KPFg in EC:DEC 0.5-3.5 73.5/100 75/100/100 [93]
P2-Ky 5[Mng g Nig 1 Feg 110, Hard carbon 0.5 4 KPFg in EC:DEC 0.5-3.5 60/20 60/20/1000 [100]
P3-K, s[Mng s Feg 1 Nig 110, Hard carbon 0.5 4 KPF4 in EC:DEC 0.5-36 113/50 89/50/150 [101]
P3-Kq.4Fe 1Mng5Tig 10, Soft carbon 0.5y KPFg in EC:DEC 05-3.8 107/50 62/50/300 [102]

from cathode surface diffuse back to the electrolyte.l'?!] Most cur-
rent research efforts are focused on developing battery-type an-
ode materials for KICs. Such materials include carbon-based ma-
terials, metal oxides, metal chalcogenides, MXenes and organic
materials that follow different storage mechanisms such as inter-
calation, conversion, and alloying (Figure 14a).[122123] Conversely,
carbon-based capacitor-type cathodes are extensively studied, but
literature reports on the battery-type cathodes for KIC are rare,
perhaps because potassium-ion storage systems are in an early
development stage and suitable battery-type cathodes have not yet
been explored.'?*] Although the anode materials exhibit superior
capacities, they must be combined with suitable cathode materi-
als to achieve high energy and power density devices. Ramasamy
et al.B! reported a non-aqueous KIC consisting of a layered P3-
K, 4sMn, sCo, s O, battery-type cathode combined with a commer-
cial activated carbon (AC) anode (Figure 14b). The constructed
KIC delivered a high energy and power density of 43 Whkg~! and
30 kW kg™, respectively, and retained 88% of its energy density

Adv. Sci. 2022, 2105882

over 30 000 cycles at 10 A g—1, demonstrating excellent cyclic sta-
bility (Figure 14c). The mass ratio between anode and cathode in
the full cell KIC must be balanced according to their working po-
tentials to obtain high energy/power density. Wei et al.'%! fabri-
cated an aqueous KIC with a layered K ,o,Mn, 4,0, cathode and
AC anode. The K, ,4,Mn4,,0,//AC displayed high energy and
power densities of 70 W kg~ and 6000 W kg~!, respectively, and
a capacitance retention of 89.3% after 10 000 cycles. The unique
layered structure facilities the rapid diffusion of K* ions and pro-
vides space for charge storage.

The aforementioned studies demonstrate promising methods
to construct aqueous or non-aqueous KICs with battery-type
cathodes and also suggest numerous opportunities for the
design of novel electrodes for high-performance KICs. The rates
of cation insertion/desertion and anion adsorption/desorption
control the energy and power densities of KICs. The develop-
ment of KICs is hampered by the sluggish kinetics of the anode
and cathode materials; therefore, designing nanostructure and

2105882 (18 Of34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 13. a) Charge—discharge profiles of P2-N 3,CoO, in Na-ion cell and K-ion cell. b) Ex situ XRD measurements of the pristine, charged, and dis-
charged electrodes depicting the successful desodiation and potassiation of the pristine compound to form K, sCoO,. Reproduced with permission.[19%]
Copyright 2017, Royal Society of Chemistry. c) The diffusivity is calculated from GITT analysis for Nag 4Crq gRug ;O,. Reproduced with permission.['10]
Copyright 2019, Royal Society of Chemistry. d) Schematic diagram depicting two possible routes for reversible K*-insertion/deinsertion in P’3-
Nag 5,CrO,. Small spheres (blue) represent Na* ions. Arrows indicate the direction of contraction/expansion along the c-axis with K*-insertion. Re-

produced with permission.['"l Copyright 2018, American Chemical Society.
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Figure 14. a) Various battery-type anode materials tested in KICs. Reproduced with permission.['22] Copyright 2021, American Chemical Society. b)
Schematic illustration of a KIC fabricated with a battery-type K 45Mnq 5Coq 5O, cathode and AC anode. c) Ragone plot of Ky 45 Mng 5Coq 5O, //AC device.
Inset: First few charge/discharge cycles at 10 A g~'. Reproduced with permission.[8! Copyright 2019, Elsevier.
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morphology-controlled electrodes, developing a suitable elec-
trolyte, and an in-depth understanding of the reaction kinetics
and energy storage mechanisms are essential factors for the
realization of practical high-performance KICs.

4. Synthesis of Layered Metal Oxide Electrodes

The methods used in the synthesis of active materials for various
energy storage devices greatly influence their properties. The re-
action parameters, including the temperature, time, pH, and pre-
cursors, affect the structural properties of the material, including
the crystallinity, particle size, surface morphology, composition,
and phase purity.'?*-1?8] [n addition, the electrochemical proper-
ties of the electrode materials, such as the initial capacity, rate ca-
pability, and cyclic stability, are also influenced by the preparative
techniques.['2-131] Electrode materials have been synthesized by
various techniques, including solid-sate coprecipitation, sol-gel,
hydrothermal/solvothermal, combustion, and electrochemical-
ion exchange reactions, among others. Further, fine-tuning the
reaction parameters and employing multiple synthetic routes
may yield electrode materials with the desired stoichiometry,
phase, morphology, and electrochemical properties.['*2-134 The
remainder of Section 4 will discuss some of the synthetic routes
used to produce KIB electrodes and their influence on the prop-
erties of the electrodes.

4.1. Solid-State Reaction

The solid-state reaction route, which is most commonly used to
prepare layered metal-oxide cathodes for KIBs (Table 1), is a sim-
ple method that involves the physical mixing (sometimes solu-
tion mixing) and sintering of potassium and transition metal pre-
cursors (oxides or acetates) to obtain the final products. For in-
stance, Kim et al.l*’] synthesized P3-K, ;MnO, using K,CO; and
Mn, O, precursors via a conventional solid-state route. The sto-
ichiometrically mixed powders were ball milled for 4 h before
the pelletized mixture was calcined at 800 ° C for 12 h. The re-
quired phase structure and crystallinity can be obtained by se-
lecting the appropriate precursors and controlling the calcination
temperature. Hironaka et al.*’l synthesized P3-K, ;CoO, and P2-
K, 4;Co0O, phases by varying the precursors, composition, and
reaction temperatures. P3-K, ;CoO, was synthesized by heating
a mixture of KOH and Co(OH), at 400 ° C for 24 h, while P2-
K, 4;Co0O, was obtained by firing a mixture of KOH and Co,0, at
600 ° C for 4 h. The first charge profiles of the P3 and P2 com-
pounds differed, but otherwise, the two compounds showed sim-
ilar voltage changes, indicating that the potential primarily de-
pends on the K* /vacancy ordering rather than the crystal struc-
ture. Kim et al.[*%! synthesized stoichiometric 03-KCrO, by sin-
tering a pelletized mixture of KN,, KNO;, and Cr, 0O, under con-
trolled atmosphere and temperature conditions for 42 h. The nu-
merous phase changes in the stoichiometric layered potassium
cathode prevented the entire K* content from being utilized dur-
ing the charge/discharge process, limiting the cyclability and rate
capability of the material. Element doping is one of the most effi-
cient strategies to mitigate the lattice changes and thus improve
the structural stability and durability of the cathodes. Liu et al.
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synthesized a series of P3-K, ,sMn,_,Fe O, (x <0.5) to investigate
the effects of Fe doping.l””! A stoichiometric mixture of K,CO;,
Mn, O, and Fe, O, was ball milled in a small amount of ethanol
for 12 h. Notably, an excess of K,CO; (5 wt%) was added to com-
pensate for the loss of potassium at high temperature. The dried
mixtures were pelletized and sintered at 850 ° C for 15 h. A cath-
ode with superior performance was obtained with a doping level
of x = 0.2, whereas excessive doping (x > 0.4) resulted in the
formation of some impurities in the cathode, indicating that op-
timizing the dopant concentration improved the structural and
electrochemical properties of the cathode. Xu et al.['] reported
the synthesis of P2-K, ;Mn, ¢Ni, ; Ti, ; O, with multiple elements
doping. A pelletized mixture of K,CO; (3 mol% excess), Mn,0;,
NiO,, and TiO, was calcined at 1000 ° C for 15 h. The substitution
of Ni** and Ti** effectively suppressed lattice distortions caused
by Mn** and inhibited gliding of the TM layer at high charged
states and thus improved performance. Though the solid-state
reaction route is straightforward and suitable for mass produc-
tion, tuning the particle size and morphology of the active ma-
terials present significant challenges. As the alkali and transition
metal ions diffuse through solid phases to occupy their respective
atomic positions, this method often requires time-consuming,
high-temperature calcination to obtain the desired crystal struc-
ture without any impurities. Further, the physical mixing of pre-
cursors results in a nonuniform product with impurities and thus
researchers have largely adopted solution-based methods that en-
able cation mixing at the atomic level and the formation of ho-
mogenous precursors in chemically controlled conditions.['32]

4.2. Solvothermal/Hydrothermal Methods

Solvothermal/hydrothermal methods are facile and environ-
mentally benign processes because the reactions are carried
out in closed containers. The hydrothermal method uses an
aqueous solvent whereas the solvothermal method uses organic
solvents. Yuan et al.[®® synthesized a K ,V,0s cathode via
hydrothermal-assisted heat treatment. Typically, K,CO; and
V,0; were dissolved in water containing a reducing agent (30%
H,0,). The solution was heated in an autoclave 180 ° C for 3 h.
After cooling, the precipitate was washed with water and ethanol
and finally heated at 450 ° C for 2 h. The SEM image of K, 44, V,Os
cathode, which exhibited a high specific capacity of 159 mAh
g~! at 20 mA g7!, revealed a nanobelt morphology. Hydrother-
mal/solvothermal methods can achieve various morphologies
and particle sizes by tuning the reaction conditions and reducing
agents. Liu et al.l! obtained layered K, ,,V,O; with a flower-like
morphology, which exhibited enhanced electrochemical perfor-
mance owing to its multilayered microstructure which offered
more void space to accommodate volume changes caused by K*
insertion/desertion. Deng et al.[*l synthesized K, (sFe,sMn, sO,
cathodes by two different routes (viz. hydrothermal and conven-
tional solid-state reactions) to demonstrate the influence of the
synthetic procedure on the properties of the cathode. Initially,
a (FeysMn, 5),0; precursor with homogeneously mixed Fe and
Mn at the atomic level was obtained by hydrothermal reaction
followed by heat treatment. (Fe, ;Mn, ), 05 was then mixed with
KOH before the mixture was finally calcined at 1000 ° C for
12 h to yield s-K 4 Fe,sMn, O, microspheres. Conversely, the
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Ky ¢sFeysMn,, O, synthesized through the solid-state route by
physical mixing and calcined under the same conditions pro-
duced irregularly-shaped particles. The s-K;(;Fe,sMn, O, mi-
crospheres exhibited superior capacity and durability to the irreg-
ularly shaped c-K; ¢sFe, sMn, s O, particles. Further, the irregular
particles pulverized and formed an unstable passivation layer
while the microspheres formed a uniform interface between the
cathode and electrolyte and thus inhibited side reactions during
cycling. In another work, ternary P3-K, sMn,,;, Ni; ;s Co, ;;0, mi-
crospheres were achieved by solvothermal method.[*®! Secondary
microspheres composed of sub-micron-sized primary particles
minimize the diffusion distance of K* ions and provide struc-
tural stability by acting as buffer during K* extraction/insertion.
Interestingly, P3-K, ,4Ni,,Co,,Mn, 0, with a mixed morphol-
ogy containing microspheres and microcubes was achieved by
a solvothermal method using glycerol and urea additives.['?]
Though hydrothermal/solvothermal methods provide highly
crystalline products with tailored morphologies and uniform
particle distributions, their use is limited owing to the neces-
sity of using high-pressure vessels and their comparatively
low product yields.

4.3. Sol-Gel

The sol-gel method is a wet chemical process involving the for-
mation of a "sol" by polymerization of metal salts in a solvent and
subsequent transformation of the sol into a porous "gel" network
of colloidal particles. Finally, dehydration and heat treatment
of the sol-gel yields powders with the desired crystallinity.['2¢]
The chelating agent and solution pH are important parame-
ters in controlling the particle size, porosity, and morphology of
the products.l**l The sol-gel method operates at lower process-
ing temperatures and achieves more uniform mixing of metal
precursors than conventional state-state methods. Ramasamy
etal.B! prepared P3-K, ,sMn, sCo, O, nanoplatelets via a sol—gel
process involving metal acetate precursors and a citric acid chelat-
ing agent followed by sintering at 800 ° C. Lei et al.>3l employed a
sol-gel method to fabricate a P2-K; (;MnO, cathode which deliv-
ered a discharge capacity of 78 mAh g~! at 50 mA g~! and exhib-
ited high cyclic stability, retaining 90% of its initial capacity after
300 cycles. Liu et al.'%! achieved multielement doping via a citric
acid-assisted sol—gel process followed by calcination at high tem-
perature. The synthesized P3-K; ,Mn; Mg ;,Ni; 1,0, showed a
uniform distribution of smaller particles which reduced the K*
ion transport distances. In the sol-gel, the pH of the solution
must be controlled to prevent the sol from precipitating rather
than forming a gel. Additionally, controlling the particle size dur-
ing high-temperature heat treatment by the selection of precur-
sors and reaction conditions is challenging.

4.4. Coprecipitation

The coprecipitation is a solution method, which can produce
a precipitate consisting of uniformly mixed metal ions with
the aid of a precipitating agent. The precipitate is then mixed
with a source of alkali metal and the mixture is annealed at
an elevated temperature to obtain the target compound.!'?] Liu
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et al. fabricated P2-K,;MnO, and P3-K,,;MnO, cathodes by
coprecipitation-assisted calcination.[**] Aqueous metal acetate so-
lution was mixed with oxalic acid (precipitant) under stirring and
the filtered precipitate was calcined at 900 ° C for 15 h. yielding
the active materials. The smaller P3-K ,sMnO, particles resultin
a cathode with superior performance to that of the P2-K, ;MnO,.
In the co-precipitation process, the solution pH, temperature,
and concentration can be controlled to achieve a homogeneous
particle distribution and the required morphology. Peng et al.[*!]
synthesized hollow P3-K,;MnO, nanospheres with average di-
ameter of 600 nm by controlling the parameters of the coprecip-
itation reaction. The synergistic effect of the spherical morphol-
ogy and interior voids provided the P3-K,;MnO, cathode with
a high volumetric energy storage capacity and cycling stability.
Liu et al.?”] prepared a K, ¢, Ni, ,Co, 1,Mn, (O, cathode via co-
precipitation followed by a solid-state reaction. The crystallinity
of the powder was found to increase with the increasing sinter-
ing temperature. Post heat treatment is necessary to improve the
crystallinity of compounds synthesized by coprecipitation meth-
ods. Further, the precipitation agent, pH, stirring speed, and tem-
perature must be carefully adjusted to ensure the quality of the
products.

4.5. Combustion

Combustion is used to produce a finely mixed precursor or the
desired active materials by spontaneous combustion between
the reactants.'*] The desired product may be obtained by fur-
ther heating the homogenous precursor mixture produced by
the combustion process. Choi et al.[®2! reported the preparation
of K;s4[CoysMn,s]O, powder by a combustion method. Metal
nitrates and citric acid (chelating agent) were first dissolved in
water, and the aqueous solution was heated at 200 ° C to initi-
ate autocombustion of the citric acid. The resultant powder was
calcined at 800 ° C for 5 h to obtain the target compound. Cho
et al.”% synthesized P3-K,s[Ni,Mn, ,]O, (x = 0 and 0.1) via the
combustion of metal nitrates, using citric acid and sucrose as
a chelating agent and agglomeration inhibitor, respectively. The
P3-K, 5[Niy; Mn, 4]O, cathode showed superior K* storage capac-
ity and structural stability to the pristine cathode. Although com-
bustion is a simple and facile process, it is a highly exothermic
reaction and produces potentially toxic fumes, imposing signifi-
cant health and safety risks.

4.6. Electrochemical lon Exchange

The ion-exchange method is an efficient strategy for the synthe-
sis of metastable layered metal oxide compounds.['3>13¢] The ion-
exchange process replaces the mobile ions in the host material
with guest ions, which enables the production of novel interca-
lation compounds that cannot be synthesized by conventional
heat treatment.'??! This strategy is largely used to prepare LIB
and SIB cathodes by ion exchange in solutions or molten salts
of Li and Na.l'?137] in electrochemical ion exchange, the ion ex-
change of the intercalation cathode is carried out in an electro-
chemical cell. The host cathode is typically charged/discharged
in an electrolyte containing the target species to obtain the de-
sired compound.['®] The solid-state synthesis of layered metal
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oxide compounds with high K* content is challenging because
the large size of K* ions causes strong K*—K* repulsion and ther-
modynamically unstable conditions.[*?) However, electrochemi-
cal ion-exchange method shows great promise for the synthe-
sis of K*-layered cathodes with desired compositions. Hwang
et al.l%] reported the synthesis of P3-K, ;,CrO, via electrochem-
ical ion exchange of an 03-NaCrO, sodium compound. O3-
NaCrO, was first synthesized by solid-state method, then the
NaCrO, cathode was galvanostatically cycled in a cell with the
configuration K-metal | 0.5 M KPF, in EC:DEC | NaCrO,. The
Na* ions are gradually substituted with K* ions, yielding P3-
Ky o CrO, after 300 cycles. The solvation energy of Na* is lower
than that of K* in organic electrolytes, which inhibits the ion-
exchange process and necessitates several cycles to produce P3-
Ky CrO, without Na* content. The P2-K, ;Ni;;;Mn,;0, cath-
ode fabricated from P2-Na,;Ni;;;Mn,;;0, via electrochemical
ion-exchange showed fast chargeable characteristics.*!l Using a
similar strategy, Myung et al. developed P2-K, ;[Ni, ;Mn, ;]O,
and P’2-K; ¢;[Niy osMn, s]O, electrodes with higher K* content,
which demonstrated improved capacity and structural stability
without undergoing P2-OP, phase transitions.[¥#] A fuel cell
with a P2-K,5[Mn,¢Nij,Fe;,]O, cathode obtained by ion ex-
change and a hard carbon anode delivered a charge capacity of
60 mAh g! and retained 60% of its capacity over 1000 cycles.
Nathan et al.'?l compared the electrochemical properties P2-
Ky 70[Cr45Sbg 15]0, cathodes prepared by solid-state and electro-
chemical ion-exchange methods. The residual Na* present in the
P2-K, ¢, Nag 0s[Cry 55 Sby 1510, (IE-KCSO) cathode even after a long
exchange reaction gives the IE-KCSO a superior rate capability
with smaller dimensional changes than the cathode synthesized
by the solid-state method. However, further investigations are re-
quired to fully understand the complex ion-exchange reaction
mechanisms. Electrochemical ion exchange can produce novel
K*-layered cathodes with improved properties; however, its com-
mercial viability is limited by its the time-consuming, multistep
procedure.

5. Challenges and Strategies

This section will summarize the applications, electrochemical
performance, and structural changes in K*-based layered metal
oxide cathodes for applications in KIBs. Layered metal oxides
with long K* diffusion paths and high capacities are promising
cathode materials for KIBs, which may be suitable substitutes for
LIBs owing to the natural abundance of potassium, the reversible
nature of K* intercalation into the graphite anode, higher K*
mobility and compatibility with the economical aluminum cur-
rent collector. However, suitable cathode materials are crucial for
realizing practical KIBs. Although existing layered metal oxide
cathodes demonstrate acceptable electrochemical performance
in KIBs, the low K* content and air instability of the synthesized
materials, and the multiple structural changes that occur during
K* extraction/insertion result in inferior cycling stability. Many
strategies have been employed to address these issues and en-
hance the performance of layered metal oxide cathodes, includ-
ing element doping, surface coating, and tailoring of their struc-
ture and morphology.
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5.1. Air Instability

Layered metal oxide cathodes typically suffer from instability in
ambient conditions owing to their hygroscopic nature. The lay-
ered cathode materials rapidly adsorb water or CO, molecules
upon exposure to air/moisture, causing significant structural de-
formation and deterioration in cyclic stability. The Ni-rich layered
cathodes LiNi,Co,Mn,O, (NCM) and LiNi,CoyAl,O, (NCA) em-
ployed in practical LIBs also encounter these issues. The chem-
ically sensitive Ni-rich surface reacts with moisture and CO, to
form residual lithium compounds such as LiOH and Li,CO;,
which impose significant safety risks.[%®] Na*-based layered ox-
ide cathodes undergo a similar reaction upon exposure to air,
forming NaOH and Na,CO; compounds on the surface of the
active materials. These residual insulating and electrochemically
inert compounds degrade the electrode performance.['*] K*-
based layered cathodes are more vulnerable to air/moisture than
Li*/Na* layered cathodes owing to the larger interlayer spac-
ing in K*-containing cathodes, which more easily accommo-
date H,0/CO, molecules. This type of cathode must therefore
be meticulously stored and handled in a moisture-free/inert at-
mosphere, increasing their production and transportation costs.
Single-metal K, MO, compounds may be especially prone to air
instability. For instance, XRD patterns of P2-K, ,; CoO, exposed to
humid air for 24 h showed additional peaks corresponding to the
hydrated phase formed by the absorption of water molecules.[*]
After drying at 150 ° C, these additional peaks disappeared but the
P2-K, 4; CoO, structure showed different lattice parameter values
than the pristine compound. The adsorbed water may cause an
undesirable reaction between the K-metal anode and the elec-
trolyte. Despite the large number of hygroscopic K*-layered cath-
odes, strategies for improving their air stability are limited, es-
pecially in comparison to those for improving the air stability of
Na*-layered cathodes.[*®! K*-layered cathodes are typically han-
dled in an Ar-filled glovebox to minimize the influence of mois-
ture. During XRD measurements, the sample is protected from
exposure to air by covering the sample holder covered Kapton
film. Moreover, slurries and electrodes containing K*-layered ma-
terials are also made in a glovebox.[2#+56.7494101103] Qynthetic
routes to air-stable K*-layered compounds are therefore critical
for the realization of practical KIBs. Research concerning the de-
velopment of KIBs is still in its infancy; however, taking cues
from Li*/Na* layered cathodes is a fair approach to the design
of air-stable K*-layered cathodes.

Air-stable Na*-layered cathodes have recently been developed
for application in practical NIBs. In addition to the well-known
air-stable P2-Na, ;Ni, ;Mn,;;0,,"*] other air-stable cathodes
have been developed from different polymorphs such as P2-
Na; o Cu, o Fe; oM, ;30,140 P3-Na, 3Ni; ;Mg ;,Mn, 50, [1*!
and 03-Na[Lij sMng 5oNij 30Cug10Mgg05]0,.1*?! These materi-
als retain their original structure even after soaking in water
for several days and thus demonstrate excellent air/moisture
stability. Mu et al.'*] reported air-stable and Co/Ni-free O3-
Na, o[Cuy 5, Fey30Mng 45]O, in which Cu?t/Cu?* and Fe’*/Fe*t
redox couples take part in a charge compensation mechanism.
These studies indicate that the substitution of divalent metal
ions (Cu?*/Mg?*) can efficiently improve the stability of these
layered cathodes to moisture. Yao et al."** improved air stability
by increasing the valance state of the transition metals while
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simultaneously decreasing the Na' interlayer spacing, which
they termed a “combined structure modulation.” They designed
a 03-NaNiy ,sCuypsMn, ,Tiy,O, material by co-doping Cu?*
Ti**, which have comparable electronegativities but substantially
different Fermi levels. The Cu/Ti co-doped cathode demon-
strated a stable air-exposure period and capacity retention after
500 cycles 20 times and 9 times greater, respectively than the
undoped cathode.

Surface coating strategy can also improve the stability of lay-
ered cathode materials under ambient conditions. Manthiram
et al. improved the chemical stability of O3-layered oxide cath-
odes to moisture using various strategies, including modifying
the cathode surface with a ZrO, coating.['*] Incorporating LiF
into the crystal structure of the cathode introduces Li* ions that
suppress the Na*/H3O* exchange process while the formation
of strong oxyfluoride bonds stabilizes the host structure and pre-
vents the release of lattice oxygen upon contact with water.[14¢]
Some vanadium-based compounds are reported to improve the
air stability of K*-layered cathodes. Zhang et al.l’”#! developed a
moisture-stable layered K 4, V,0s material in which K* is sand-
wiched between puckered [V,Os] layers. The preinsertion of wa-
ter into crystal lattice of layered cathodes could adjust the in-
terlayer spacing and thereby enhance the stability of the host
structure. For instance, a layered K,,;Mn0O,-0.15H,0 cathode
exhibited a discharge capacity of 150 mAh g=! and high stabil-
ity over 100 cycles.”8] Similarly, K, ,,Mn, 30,-0.53H,0 demon-
strated superior cyclic stability to K, MnO, compounds.!®! The
high stability of these materials arises from the presence of crys-
tal water that serve as pillars during K* extraction/insertion, pro-
viding structural stability and an enlarged interlayer space and
thus facilitating faster K* diffusion. However, crystal water may
decompose at voltages over 4 V versus K/K*, which may reduce
capacity and induce side reactions that may cause safety prob-
lems. Therefore, optimizing the crystal water content is crucial
because the number of K* storage sites may be limited by excess
water.

In summary, Na*-layered cathodes with improved air stability
have been achieved using structure modulation and surface coat-
ing strategies. The stability of the cathodes can be improved by
the doping of electrochemically active (Cu®*) or inactive (Mg?*)
ions. In particular, electrochemically active dopants participate
in the storage of alkali ions via the charge compensation mecha-
nism. The substitution of Ti** increases the average valance state
of the transition metals and alters the interlayer spacing between
the alkali metal layers, thereby inhibiting the insertion of water
molecules. Coating the surface of the materials with carbon en-
hances their chemical stability and conductivity, and also works
as a protective layer to suppress the degradation of the cathode
materials. The strategies used to develop air-stable Li*/Na* lay-
ered cathodes offer insights into the design of K*-layered cath-
odes with enhanced stability. The electronegativity of the metal
dopant is a key parameter in the rational design of cathode mate-
rials. Electrochemically active (Cu, Ni, Fe, Mn) and inactive (Mg,
Zn, Al, Ti) metals may be substituted into the layered cathodes to
enhance their stability. In addition to the reported metal oxides,
protective coatings can be formed using other metal oxides such
as AL,O,, TiO,, ZnO, and MgO. The development of KIBs is in
an emerging stage and thus further investigation is required to
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identify suitable metal dopant and coating materials to improve
the stability of K*-layered cathodes.

5.2. K*-Deficient Compounds

Most existing K*-layered metal oxide cathodes consist of nonsto-
ichiometric compounds. Computational studies reveal that the
formation of K*-deficient layered cathodes is caused by strong
K*—K* interactions.**] The K*-ions preferentially occupy large
prismatic sites rather than smaller octahedral sites owing to their
size, and thus most of the compounds stabilize in K*-deficient
P2 or P3 phases. The low K* content of the synthesized layered
cathode materials reduces the specific capacity of the full cell be-
cause the cathode material is a reservoir of K*-ions since the K-
metal anode cannot be used owing to safety risks. The charge
capacity of these K*-deficient cathodes is lower than their dis-
charge capacity during the initial charge/discharge process, re-
sulting in a coulombic efficiency greater than 100% (Figure 9a):
however, the K*-ions are reversibly accessible from the second
cycle.[#7:48:53:5682] This behavior limits the specific capacity and en-
ergy density of the full cell constructed with a carbon-based an-
ode, which lacks a source of K*. Accordingly, strategies to develop
layered cathode materials with a high K*-content are needed
to obtain improve the electrochemical performance of the cath-
odes. Kim et al.[*%l synthesized a stoichiometric 03-KCrO, cath-
ode that delivered a discharge capacity of 92 mAh g~!; however,
this material requires further optimization owing to its multi-
ple phase transitions and low cyclic stability. The incorporation
of large cations such as Sc** and Y3 may stabilize 03-K MO,
layered structures. Moreover, the crystal structure and morphol-
ogy of host materials are significantly influenced by the higher
K* content in layered cathodes. A P3-K;,;MnO, cathode with
a high K* content exhibited a smaller particle size, improved
cyclic stability, and superior rate performance to P2-K;, ; MnO,.[*¢]
Lin et al. prepared a series of birnessite nanosheet arrays with
varying K content (K,MnO,-yH,O) by a hydrothermal potassia-
tion process.'*’] The K ,,Mn0,-0.23H,0 birnessite with an op-
timized K* content delivered a high specific capacity of 134 mAh
g™! at 100 mA g and excellent cycling stability with 80.5%
capacity retention after 1000 cycles at 1000 mA g~!. Notably,
enough K* was retained in the cathode in the charged state to
stabilize the layered structure and mitigate the structural degra-
dation that occurs during K* extraction/insertion. K*-layered
cathode materials with improved K* content can be efficiently
synthesized by electrochemical ion exchange. Layered cathodes
such as P2-K, 5[Ni, ;Mn, 5]0,, 14! P2-K, 55[Ni; ;Mn, 5]O, 8 P'2-
Ky s3[Nig osM1( 55]0,**) and P2-K, ;5 [Mny s Niy; Fe 1]0,!% were
fabricated via electrochemical ion exchange using various Na*-
layered cathodes as templates. The carbon-based anodes are
sometimes prepotassiated to compensate for the K* deficiency
of the cathodes in full cell KIBs; however, this additional pro-
cess may increase the production cost.[*71% Sacrificial salts
are used in Nat-deficient layered cathodes to circumvent the
irreversible capacity in the first cycle. For instance, sacrificial
NaN; salts are added to P2-Na, s[Fe, ,Mn, ,]O,,['**] Na,P for P2-
Nay ¢;[Fe)sMn, 5]0,,[*) NaNO, for PIZ‘NaZ/s[C°o405Mno‘95]Oz[]50]
and ethylenediaminetetraacetic acid (EDTA) tetrasodium salt is

2105882 (23 0f34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

added to P2-Na, ;[Al; ;sMn,45]O,"5"] to serve as an additional
Na* source and improve the initial coulombic efficiencies of the
materials. However, the gas generated by the decomposition of
these additive salts during cycling and the energy penalty issues
remain to be addressed. Inspired by Nat*-layered cathodes, re-
search efforts are required to identify suitable sacrificial additives
for K deficiency in the pristine K*-layered cathodes.

5.3. Steeper Voltage Profiles

The voltage profiles of K, MO, layered cathodes typically exhibit
steeper slopes than those of Li* and Na* layered compounds.
02-LiCoO, demonstrated narrow range reversible Li* deinter-
calation/intercalation with a flat voltage profile with fewer volt-
age steps (Figure 5a); however, P2-Na, ;Co0, exhibited more dis-
tinct voltage plateaus with a steeper voltage curve, and this phe-
nomenon is more prominent in P2-K, ,; CoO,.[*}] This behavior
is mainly related to the large size of the K* ions, which increases
the interlayer spacings and thus reduces the screening of K-
K* repulsion by adjacent oxygen layers. The strong K*-K* inter-
actions induce K* /vacancy ordering and transition metal charge
ordering, resulting in multiple phase transitions and the associ-
ated stepwise voltage curves.[203238%0] The phase transitions be-
tween these K*/vacancy ordered configurations limit the K* dif-
fusion kinetics and a number of K* storage sites, reducing the
achievable capacity in a given voltage window. Accordingly, lay-
ered K, MO, compounds always deliver lower discharge capaci-
ties than their Li, MO, and Na, MO, counterparts. However, stud-
ies concerning K*/vacancy ordering are comparatively rare in
relation to those on Na*/vacancy ordering in Na*-layered cath-
odes. Three related types of ordering occur in layered cathodes
viz., transition metal ordering, charge ordering, and K* /vacancy
ordering. Neither K* /vacancy ordering nor charge ordering can
exist without the other. The large difference between the ionic
radii of the transition metal ions induces metal ordering, while
the smaller difference between the redox potentials of the metal
ions induces charge ordering.[*®152153] Therefore, suppressing
K* /vacancy ordering to produce a disordered K*/vacancy struc-
ture is important to enhance battery performance. Wang et al.['>*]
developed cation-disordered P2-Na, ([Cr, ( Ti, 4]O, by doping with
Cr** and Ti**, which have similar ionic radii but different re-
dox potentials. P2-Na,([Cr,,Ti,,]O, showed a completely dis-
ordered Na*/vacancy structure regardless of the sodium con-
tent and demonstrated enhanced cyclic stability and rate capa-
bility. Similarly, partial substitution of Ti** with Mn**, which
has a compatible ionic radius but different Fermi level, in P2-
Na, ;Ni;;;Mn, 3 Ti; 30, suppressed both the Na* /vacancy order-
ing and charge ordering, resulting in a smoother voltage pro-
file and superior performance to pristine P2-Na, ;Ni; ;Mn,;0,
cathode.['>] Mao et al. adopted an anion/cation (CaF,) dual dop-
ing strategy to synthesize Na,;Ni, ;Mn,;0,.["**] The inactive
Ca’* doped into the Na*-layer mitigates the Na* /vacancy order-
ing and acts as a pillar to stabilize the layer structure of the
highly desodiated state. The more electronegative F~ ion forms a
stronger bond with transition metal ions, thereby reducing the in-
teractions between the oxygen layers. Codoping with Ca?* and F~
suppressed the P2-O2 transition and improved conductivity for
high-rate capability. Ramasamy et al.l®!] reported a binary metal
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layered K, ,sMn, sCo, O, cathode that showed smoother K* ex-
traction/insertion lower stepwise voltages (Figure 9a) than single-
metal cathodes such as K, MnO, and K, Co0,.l*6>% The content
and distribution of K* in the K*-layer alter the K*—K* repulsion
interactions and transition metal-oxygen bonds. In addition to
this cation doping strategy, Xiao et al.*®! developed K* /vacancy
disordered K, ;Mn, ,Ni; ;0, by modulating the K* content of the
compound. Stable K*/vacancy disordered K Mn,,Ni,;0, (x =
0.4-0.7) compounds formed when x > 0.6. The capacity and rate
performance of K* /vacancy disordered K, ;Mn, ,Ni, ;O, were su-
perior to those of K* /vacancy ordered K, ,Mn,,Ni, ;0,.

In summary, the K*/vacancy ordering related phase transi-
tions and steep voltage curves limit the capacity and life cy-
cle of practical batteries. Therefore, different strategies to form
disordered structures and mitigate K*/vacancy ordering are vi-
tal. The substitution of cations (Mg?*, Zn?*, Ti**, Sb>*) with
ions of comparable ionic radii and different redox potentials
produces K*/vacancy disordered compounds that may exhibit
smoother voltage profiles and improved cyclability and rate capa-
bility. K* /vacancy disordered compounds can also be efficiently
formed by modulating the K* content of the layered structure. In
addition, suitable strategies to suppress the K* /vacancy ordering
are required.

5.4. Irreversible Structural Changes

Layered metal oxide cathodes commonly undergo a series
of structural transitions and volume changes as a result of
K*/vacancy ordering and sliding of transition metal oxide
(TMO,) slabs during K* extraction/insertion. When a certain
amount of K* is extracted, the strong K*—K* repulsion inter-
actions induce the gliding of adjacent oxygen layers. Further,
extreme depotassiation causes irreversible phase transitions such
as P2-02 and P3-03 in P2-type P3-type materials, respectively.
These irreversible phase changes cause rapid capacity fading
and structural failure of the layered cathode materials.[29414245:47]
Kim et al.*’] reported a P3-K,;MnO, cathode which underwent
multiple phase transitions from P3 to an O3 phase and an un-
known phase (X phase) during K* extraction/insertion, resulting
in rapid capacity degradation (Figure 3c). The upper cutoff
voltage is typically limited to circumvent the irreversible phase
transition in the deep depotassiated state; however, this reduces
the maximum achievable capacity and average voltage of the
batteries.[*1#>153] Therefore, irreversible phase changes must be
avoided to ensure optimum battery performance at high voltage.
The Jahn-Teller (J-T) effect also causes structural degradation and
capacity fading in K,MnO, layered cathodes. The presence of
high spin Mn** (3d*) in the K, MnO, layered structure elongates
the Mn—-O bond along one direction in MO, octahedron in the
discharged state (Figure 9e). This J-T effect induces severe lattice
distortions in the crystal structure that lead to performance
degradation and ultimately structural collapse.>*#2] Metal dop-
ing can efficiently mitigate these structural distortions, resulting
in smoother electrochemistry in Li MnO, and Na,MnO, com-
pounds containing Mn3*.[17:18] However, because the larger K*
ions exhibit different electrochemical behaviors and structural
evolutions, a more thorough understanding of these strategies
and their effects in KIB materials is required. Moreover, material

2105882 (24 Of34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

design strategies to address these issues and improve the struc-
tural stability, reversible capacity, electronic/ionic conductivity,
long-term cyclability, average voltage, and energy density of
electrode materials for application in KIBs are highly desirable.

5.5. Element Substitution

Element substitution shows great promise as a strategy to mit-
igate the irreversible phase transitions and enhance the struc-
tural stability and electrochemical performance of K*-layered
oxide materials. The partial substitution of Ni** for Mn3* in
K,MnO, compounds effectively reduces J-T distortions and sta-
bilizes the crystal structure, thereby enhancing electrochemical
performance.’677#1 Interestingly, both theoretical and experi-
mental studies demonstrate that P2-K, ,5[Ni; ;Mn,;]O, under-
goes a single-phase reaction involving a Ni**/Ni** redox couple
while Mn** is inactive during charge/discharge in the operation
range.l*l The P2-K ,5[Ni, ;Mn, ;]O, delivered a discharge capac-
ity of 91 mAh g™ and showed excellent cycling stability with
83% capacity retention after 500 cycles at high current rate of
1400 mA g='. Choi et al.®® developed P’2-K 5[Nij osMn, 4510,
by retaining the P’2 phase without transitioning to OP4 during
K* extraction/insertion, which showed excellent cyclability. First-
principles calculations revealed that a low activation energy bar-
rier (271 meV) leads to high power capability by enabling facile
K* diffusion in P’2-K, g3[Nij ys M1, ¢5]0,. Zhang et al.”>] demon-
strated that small amount of Co (5%) incorporated at Mn sites in
K, MnO, reduced J-T distortions and improved ionic conductiv-
ity, as well as facilitated more isotropic migration pathways for
K+ diffusion in the interlayer structure, leading to enhanced ion
diffusion and rate capability. The (a/b) ratio of K, Mn, 45Coy (5O,
is lower than that of undoped K, MnO,, confirming that the lat-
tice distortions were effectively reduced. Layered K, MO, com-
monly exhibits sluggish K* diffusion and multistep voltage
plateaus upon K* deintercalation/intercalation. However, in-
troducing Co into P3-K,,[Co,sMn,;]O, resulted in smoother
charge/discharge curves and enhanced rate performance.!®? This
may be attributed to the incorporation of Co, which minimized
structural distortions and reduced the K* diffusion barrier. Xu
et al.l?’l prepared K;,Mn;4Ti, O, by substituting Mn** with
Ti**, which has a similar valence state and comparable ionic ra-
dius. Unlike undoped Ks,,MnO,, KsoMny,Ti, 4O, underwent
a reversible P2-OP4 phase transition, thus preventing the for-
mation of the destructive P2-O2 phase (Figure 1le,(f). The ex-
istence of Ti** significantly reduced the gliding of TMO, slabs
during the charge/discharge process. Despite the specific capac-
ity loss caused Dby the electrochemically inactive Ti**, it mini-
mized the step-like voltage transitions and thus improved the
electrochemical behavior. Zhang et al.l'?] developed a P3-type
K,4Fey;Mn,  Ti, ; O, electrode by incorporating inexpensive and
environmentally friendly Fe and Ti. This electrode showed a rapid
rate capability (71 mAh g=! at 1000 mA g~!) and excellent cy-
cling stability over 300 cycles with a negligible volume change
of 0.5% upon K* extraction/insertion, which was attributed to
the suppression of multiple irreversible phase transitions origi-
nating from the presence of inactive Ti** and strong Ti—O bonds
relative to Fe/Mn—O bonds. The stronger Ti-O bonds may in-
crease the number of Mn—O and Fe-O covalencies and thus sup-
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press the movement of (Mn, Fe)O, octahedra by sharing oxy-
gen atoms with Ti, resulting in structural stability and high-
rate performance.[1%?! Dang et al. studied the influence of Mg**
and AI** substitution in P3-type K, 4sNi,;Coo,Mn,30,.°! The
Mg/Al-doped compounds exhibited superior cycling and rate per-
formance to the pristine compound owing to their displayed en-
larged K* diffusion layers and reduced J-T distortions. More-
over, the J-T distortions were more heavily suppressed in the
Mg-doped compound than in the Al-doped compound. Nathan
et al.l?l prepared inactive Sb>* substituted P2-K, ,,Cr g5 Sb 150,
via a solid-state reaction. The inductive effect of Sb>* increased
the average voltage (2.9 V) relative to that of 03-KCrO, and
P’3-K,4CrO, (2.7 V).942] Lju et al. reported that Na doping in
Ky 6;Nij;,Co, 1;Mn, (O, stabilized the layered structure and im-
proved the redox reaction of transition metal ions, resulting in
improved electrochemical performance.® Yu et al.[***] took a dif-
ferent approach to these cation doping strategies by developing
a porous K, ;CoO, N, nanoframe by incorporating nitrogen (N)
in the anion site (Figure 15a,b). The K,,CoO, ¢N,, cathode de-
livered a discharge capacity of 86 mAh g=! at 50 mA g~! and re-
tained 77.3% of its capacity after 400 cycles. Figure 15c compares
the K* migration energy barriers of K, ;CoO, and K, ;CoO; gN .
Experimental and computational studies reveal that the partial
substitution of O with N increases both the interlayer spacing
and electronic conductivity and thus improves long-term cycla-
bility and rate capability.

These studies reveal that the substitution of metal elements
such as Ni, Co, Fe, Ti, Mg, and Al in layered K, MnO, sup-
presses J-T distortions and structural changes during K* deinter-
calation/intercalation. The design of electrode materials contain-
ing low-cost, and environment-friendly elements such as Mn, Fe,
etc., is highly preferable with regard to the development of prac-
tical KIBs.

5.6. Morphology Design

Morphology design can effectively improve a material’s high-
rate capability and durable cycling performance. The fabrica-
tion of micro/nanostructured particles shortens the K* diffu-
sion pathway and improves the conductivity. However, nanopar-
ticles may cause low tap density owing to their large spe-
cific area and side reactions with electrolytes; further study
is required to address these issues.['®016l] Peng et al.*8] pre-
pared a P3-K,;MnO, cathode consisting of hollow submicro-
spheres, which exhibited superior cycling stability to the bulk-
like P3-K,sMnO, cathode.*’”] Weng et al. synthesized hierar-
chical K,,Mn,,Mg,;0, microparticles that demonstrated long
cycling stability with 82.5% capacity retention after 400 cycles
at 100 mA g7! and fast rate capability.!”’! Deng et al. used
microspheres to develop a P3-K,;Mn,,Ni,,;Co,,;0, cathode
with a high tap density (1.91 g cm™), which may have appli-
cations in high energy density KIBs.[®®! Morphological investi-
gations revealed the presence of densely packed secondary mi-
crospheres consisting of submicron-sized primary particles. The
unique hierarchical structure facilitates rapid K* transport ow-
ing to the short diffusion pathway and buffers the high stress re-
sulting from continuous K* deintercalation/intercalation. Wang
et al.”® prepared interconnected K, ,Fe, sMn, ;O, nanowires via

2105882 (25 0f34) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

o Y

Tvavavavd

o o® o op ©O°

- — .

b) AN o

www.advancedscience.com

05 —e—KCOPNF ﬂ
0.4

R

o 1 2 3 4 5 6 71 8
Migration Coordinate

° Co
d)

0 50(um)
Conventional KMNC

0 (um)

Unit: MPa
5.19e6

4.04e5
2.89e5
1.74e5

5.87e4
) 4.0 (um)

e)

0 5.0 (um)
Yolk-shell KMNC

0 (um)

4.70e6
3.66e5
2.63e5
1.60e5
5.70e4

) 4.0 (um)

Figure 15. Crystal structures of a) Ky CoO, (KCO), b) Ky cCoO4 3Ny, porous nanoframe (KCO PNF) and ¢) K* migration energy barriers of KCO and
KCO PNF. Reproduced with permission.['>°] Copyright 2020, Elsevier. d,e) Finite element model of strain variation during volume expansion and f,g)
SEM images of conventional KMNC and YS-KMNC after cycling. Reproduced with permission.['82] Copyright 2022, Wiley.

an electrospinning method. The 3D framework with uniform
carbon coating provided rapid K-ion diffusion channels and a
3D electron transport network during K* extraction/insertion.
Recently, Hao et al.[1?] designed a microscale yolk—shell P3-
Ky 5[Mn, gsNij ; Cog 0510, (YS-KMNC) cathode which delivered a
discharge capacity of 96 mAh g™! at 20 mA g™' and showed ex-
cellent cyclability with 80.5% capacity retention over 400 cycles
at 200 mA g~'. Analysis of the strain variation during volume
expansion of the cathode materials using finite element analy-
sis (Figure 15c¢,d) revealed that the yolk-shell structured KMNC
experienced lower internal stress than conventional KMNC. The
conventional KMNC suffered with severe structural damage (Fig-
ure 15e,f), whereas the YS-KMNC displayed enhanced cycling
stability owing to its superior mechanical stability. These stud-
ies indicate that modification of the morphology of electrode ma-
terials can improve their conductivity and structural integrity,
which enhance the durability and performance of batteries. Im-
portantly, straightforward design strategies will facilitate the de-
velopment of materials with the tunable morphology and high
tap density required for practical applications.

5.7. Surface Modification

Surface coating can effectively protect layered materials from am-
bient air damage. Further, the coating can minimize parasitic re-
actions between the electrolyte and electrode surface and thus
enhance the performance of electrode materials. Yu et al.l163]
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reported that carbon coated on a NaCrO, cathode suppressed
moisture uptake owing to its hydrophobic properties and de-
layed exothermic decomposition of the cathode by preventing
oxygen loss from the crystal lattice. Further, the coating improved
the conductivity of the cathode, resulting in excellent capacity
retention and superlative rate capability up to 150 C. The het-
eroatom (N, S)-doped carbon coating on the Li[Ni, 4 Co, ,Mn,,]O,
cathode protects the electrode surface from HF acid generated
by anionic oxidation of PF, and thus enhances electrochemical
performance.['%41%] Jo et al. reported that the electrical conductiv-
ity of K, V;04 modified with carbon black was significantly better
than that of unmodified K, V;04.[*%] The K, V; O, /carbon cathode
delivered a discharge capacity of 75 mAh g-1 and high cyclabil-
ity for 200 cycles with 80% capacity retention. Zhao et al.>* im-
proved the stability of K, ;,Mn,O, microspheres by coating their
surfaces with AlF;. The AlF;-coated K, ;,Mn;O, exhibited supe-
rior reversible capacity and stability to those of the uncoated cath-
ode (Figure 4b,c). This reveals that the AIF, nanolayer coated on
the surface of K, ;,,Mn,; O, enhances structural stability by buffer-
ing the structural changes during K* extraction/insertion. In ad-
dition to surface coating, Lei et al.®>*] developed a new strategy
involving the formation of a dual interface containing a K-poor
spinel interlayer and a stable solid-electrolyte interface (SEI) film
(Figure 4a). The dual interphase layers can accommodate the
Jahn-Teller distortion, mitigate Mn loss, and enhances K* diffu-
sion for redox reactions. Reports on this type of surface modifi-
cation in K*-layered materials are rare and thus further efforts
are essential to realize efficient cathode materials. Though the
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surface coating of electrodes with conductive or inactive mate-
rials can improve their performance, an excess of these coating
materials can also reduce the energy density of batteries.[163164]
Therefore, optimizing both the coating material and thickness is
critical to obtain the desired battery performance.

5.8. Composite Structure Design

Composite electrode materials combining two different phase
structures may demonstrate more interesting properties com-
pared to their monophasic counterparts. The P2-type materi-
als used in Na*-layered cathodes exhibit high structural stability
and high-rate capability owing to large Na*t diffusion channels;
however, they suffer from Na* deficiency. Conversely, O3-type
materials have higher Na* content but display poor reversibil-
ity and rate performance.l'31’] Integrating these two different
phase structures may give rise to synergistic effects, resulting
in a composite material with the advantages of both monopha-
sic materials. Chen et al.[18] prepared P3/P2-type biphasic lay-
ered Na,(,Co,sMn,;0, using sol-gel assisted heat treatment.
Rietveld XRD patterns of the material revealed that the P3
phase (76.05%) was stronger than the P2 phase (23.95%). The
prepared cathode demonstrated high cyclability even at high
rates, taking advantage of the structural flexibility of the P3/P2
composite material. Qi et al.['%] synthesized a series of O3/P2
Na,[Ni,,Fe, ,,Mn,, ]O, (x = 0.7-1.0) composites by tuning the
sodium content. The O3/P2 ratio of the composite was op-
timized to achieve a balance among capacity, cycling stabil-
ity, and rate capability. Liu et al.® synthesized a KIB cath-
ode, K4;.,Na,Ni,,Coy,,Mng 0, (¥ < 0.5), and found that
varying the Na‘t content altered the crystalline structure from
a monophasic to a biphasic structure. The optimized P3/P2-
K, 37Na, 3 Nij 1,Co, 1M1, (O, cathode delivered a reversible ca-
pacity of 86.1 mAh g! at 20 mA g~' and demonstrated superior
cycling stability to the pristine P3-K, (,Ni, ;,Co, ;;Mn, O, over
100 cycles. However, excess Na* hinders K* diffusion and thus
the dopant amount must be optimized to ensure optimal cathode
performance. The design of multiphasic K*-layered materials is
in its infancy, and further research is required to understand the
formation mechanism and the contribution of each phase to the
stability of the crystal structure and the electrochemical perfor-
mance.

5.9. Electrolyte Optimization

The electrolyte can affect many electrochemical parameters such
as the reversible capacity, coulombic efficiency, rate performance,
operating voltage, and energy density, and is, therefore, an im-
portant battery component. Accordingly, suitable electrolyte sys-
tems for application in practical potassium ion batteries must be
explored. KPF, dissolved in an ethylene carbonate/diethyl car-
bonate electrolyte is typically used in KIBs with layered cath-
odes (Table 1).1#6-4881-83] Yang et al. employed K,V,0y as a high
voltage cathode in a wide potential window of 1.5-4.5 V versus
K/K* using 7 m KFSI in ethylene carbonate/diethyl carbonate
electrolyte.”?] Lei et al. reported that a 6.0 M KFSI/diglyme (G2)
electrolyte showed more stable SEI formation in P2-K;,MnO,

Adv. Sci. 2022, 2105882

www.advancedscience.com

than carbonate-based electrolytes.I>)] Masese et al. evaluated a
Ko4Fe,sMn, 5O, electrode in half-cell with 0.5 m KTFSA in
Pyr,;TFSA and 1 m KFSA in Pyr;;FSA ionic liquid electrolytes. ]
The KFSA-based ionic liquid electrolyte exhibits a lower viscosity
and higher ionic conductivity than the KTFSA-based ionic liquid
electrolyte. Another study found that a P2-K, ;Ni, ;;Co, 5 Te, 50,
electrode with a 0.5 M KTFSI in Pyr,; TFSI ionic liquid electrolyte
exhibited a maximum average voltage of 4.3 V supported by an
inductive [TeO4]®~ framework. Interestingly, the presence of a
fluoroethylene carbonate (FEC) additive in the electrolyte im-
proved the performance of LIB and NIB systems.! Bei et al.
tested a K, ¢,Fe[FelI(CN);],9-0.15H,0 cathode in 0.7 M KPF, in
EC/DEC electrolyte with FEC (2 vol%). The FEC additive inhib-
ited side reactions at the electrolyte and improved its coulombic
efficiency.['’°! However, the FEC additive also formed a passiva-
tion layer on the graphite anode and thereby inhibited K* ion
transport, indicating that FEC is incompatible with graphite an-
odes. Park et al.'”!l investigated the influence of FEC concen-
tration (1-5%) and found that K* ion transport is inhibited by
the SEI even at low FEC concentrations. Furthermore, other car-
bon anode materials such as mesocarbon microbeads (MCMB),
graphene oxide, and sugar-based hard carbon also exhibited sim-
ilar issues in electrolytes containing FEC. These results indi-
cate that K*-impermeability may be an intrinsic property of FEC-
based electrolytes and further investigation is needed to fully un-
derstand the mechanism. The development of stable electrolyte
systems with an appropriate salt, solvent, and additive is essen-
tial for achieving high-performance KIBs. The design of efficient
electrolyte systems must take into account several factors, includ-
ing low viscosity, high ionic conductivity, high voltage operation,
high-temperature stability, and safety.

5.10. Full Cell Assembly

The development of practical KIBs requires the evaluation of
electrode materials in a full cell assembly. Many K*-layered ox-
ide cathodes have been tested in half cell with a K-metal an-
ode (Table 1); however, the performance of these cathodes in a
full cell has received comparatively little attention (Table 2). The
use of K-metal anode is not recommended in practical KIBs ow-
ing to the formation of dendrites on the metal surface, which
may cause an internal short circuit and therefore carries safety
risks.[2] Therefore, testing of the electrode materials in a full cell
with a K-metal-free anode is crucial because the performance of
the cathode in a half cell may differ greatly from that in a full cell
configuration. Vaalma et al.*®] constructed a KIB full cell with
a layered K, ;MnO, cathode, hard carbon/carbon black compos-
ite anode, and 1.5 M KFSI in EC:DMC electrolyte. Before assem-
bling the full cell, the hard carbon anode was prepotassiated to
minimize the irreversible capacity arising from the formation of
an SEI during the initial cycles. The KIB cell operating between
0.5 and 3.4 V delivered a discharge capacity of 92 mAh g at
32 mA g7! and exhibited 50% capacity retention after 100 cy-
cles. Peng et al.*] synthesized a P3-K,sMnO, cathode consist-
ing of hollow submicrospheres and assembled a full cell paring
with a graphite anode. The full cell displayed a discharge capac-
ity of 60.2 mAh g=! with a coulombic efficiency (CE) of 86.7%
and reasonable rate performance. The K, ;CoO, /graphite full cell
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Figure 16. a) First charge/discharge profiles of full cells at 52 mA g='. Reproduced with permission.[88] Copyright 2020, Elsevier. b) Charge—discharge

profiles of a graphite electrode in a Li cell with 1 m LiPF¢g/EC:DMC (black line),

Na cell with NaPFg/EC:DEC (blue line) and in K cell with 1 m KFSI/EC:DEC

(red line). Reproduced with permission.!2%] Copyright 2018, Wiley. c) Discharge capacity and average charge/discharge voltage of selected anode mate-
rials employed in potassium-ion batteries. Reproduced with permission.l'72] Copyright 2021, Wiley.

delivered a specific discharge capacity of ~53 mAh g=! at 3 mA
g™, but showed poor cycling efficiency owing to electrolyte
consumption during the initial cycles.®! Deng et al. improved
the performance of an P2-K;;CoO, by synthesizing spheri-
cal microparticles that inhibited parasitic reactions and thus
achieved high coulombic efficiency.®”] The P2-K,,CoO, micro-
sphere//hard carbon full cell delivered a capacity of 71 mAh g=!
at 30 mAh g! and showed high cycling stability with 80% ca-
pacity retention over 100 cycles. The working potential and en-
ergy density of a full cell primarily depend on the performance
of the cathode materials and thus it is imperative to employ ra-
tional material design to improve the overall performance of the
cell. Since nonstoichiometric compounds often exhibit reduced
capacity, carbon-based anodes are typically prepotassiated for full
cell assembly to compensate for any K* deficiency.*¥! Kim et al.
fabricated a full cell with a stoichiometric 03-KCrO, cathode and
graphite anode, which delivered a discharge capacity of 97 mAh
g~ at 5 mA g~1.[*l Unfortunately, this full cell demonstrated poor
cyclability with only 50% capacity retention after just 10 cycles.
Further efforts are necessary to improve the performance of such
cells using suitable electrolytes and electrode materials.

Full cells with binary and ternary layered metal oxide cathodes
exhibit superior performances to those with single-metal oxide
cathodes. Deng et al.*¥l constructed a P2- K, ¢sFe, sMn, O, mi-
crospheres//hard carbon full cell, which displayed a discharge
capacity of 75 mAh g~! at 100 mA g~! and 80% capacity reten-
tion after 100 cycles. Wang et al.l’%! fabricated interconnected
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K,,Fe,sMn, O, nanowires by an electrospinning technique.
The KIB full cell was assembled with a K, Fe, sMn,, ;O, cathode,
soft carbon anode, and 0.8 M KPF, in EC:DEC electrolyte. The
K, ;Fe,sMn, O, //soft carbon cell delivered a capacity of 82 mAh
g~! with a high coulombic efficiency of 92% and retained 76%
of its initial capacity over 250 cycles. Prior to constructing a full
cell, carbon-based anodes must be precycled in a half cell with a
K-metal counter electrode to avoid capacity loss during the ini-
tial cycles in the full cell. Further, the anode:cathode mass ra-
tio must be balanced to ensure a capacity match between the
electrodes. The full cell constructed with a P3-K 5,[Co, sMn, 5]O,
cathode and hard carbon anode displayed a capacity of 96 mAh
g~ and retained 86% of its initial capacity over 100 cycles.!®]
Choi et al. assembled a full cell with a P’2-K ¢;[Ni; osMn, o5]O,
cathode and hard carbon anode, which exhibited an excellent
capacity of 135 mAh g™ at 52 mA g! and an energy density
of 283 Wh kg™! (Figure 16a). Further, the cell showed long-
term cyclability with 80% capacity retention over 300 cycles.[®8]
The P2-K, ,,Ni; ,,Mn, 5,0, //soft carbon full cell exhibited a dis-
charge capacity of 70 mAh g™! and maximum capacity reten-
tion of 90% after 500 cycles; however, it showed a low coulom-
bic efficiency of 87.7% owing to SEI formation during the ini-
tial cycles, which gradually improved to 96.4% after activation
of electrodes in 50 cycles.[®] The ternary metal layered cathode
P2-K, ;5[Mn, 3Ni, , Fe, ;]O, paired with a hard carbon anode ex-
hibited a discharge capacity of 60 mAh g! at 20 mA g~! and ex-
cellent long-term stability with 60% capacity retention over 1000
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continuous cycles.[1%] The performance of existing cathode mate-

rials is not sufficient to meet the requirements of practical KIBs,
and thus further improvement in the capacity, operating voltage,
structural stability, and air stability of these materials is vital for
realizing practical KIBs.

The anode material is an important component of a full cell
that determines the power density and safety of the batteries.
Anode materials with high capacity and low operating potential
are preferred for high energy density batteries. Although the K-
metal anode offers the highest energy density, its high reactiv-
ity and dendrite-related safety issues limit its usage in practical
batteries.['] Alternative anode materials including graphite and
other carbon-based materials, alloys, organic, conversion, inter-
calation, and polyanionic compounds have therefore been ex-
amined for application in KIBs. Anode materials are typically
tested in a half-cell containing a K-metal counter electrode, which
should be handled with utmost care owing to its high reactiv-
ity. Graphite anodes are typically used in commercial LIBs ow-
ing to their low operating potential and high gravimetric ca-
pacity. Unlike Na* ions K* ions can reversibly intercalate into
graphite, which has garnered graphite electrodes much attention
owing to their potential suitability for use in KIBs. The alkali-
metal intercalation behavior of graphite in Li, Na and K cells
is depicted in Figure 16b. The graphite anode in a Li cell de-
livered a capacity of 370 mAh g™', forming LiC;. In a K cell,
the graphite anode forms KCg, giving a reversible capacity of
244 mAh g! which represents 87% of the cell’s theoretical ca-
pacity. However, negligible Na* insertion into the graphite was
observed in the Na cell."") Interestingly, K* ions intercalate into
graphite at a potential higher than the plating potential of K-
metal, which should ensure battery safety; however, the expan-
sion of graphite upon significant K* intercalation/deintercalation
can cause the formation of an unstable SEI, resulting in poor
coulombic efficiency.l®) Komaba et al. demonstrated that the per-
formance of the graphite anode can be improved by employ-
ing a suitable electrolyte and binder. Graphite used with sodium
carboxymethyl cellulose binder shows a coulombic efficiency of
89%, greater than those of sodium polyacrylate (CE = 79%)
and polyvinylidene fluoride (CE = 59%) binders."! In addition
to graphite, several carbonaceous materials such as hard, soft,
porous, and heteroatom-doped carbon have been employed in
K* storage studies. These types of carbon material show superior
capacity and cyclic stability than graphitic carbon; however, they
also exhibit low coulombic efficiency and high overpotential, re-
sulting in low-energy-density batteries.['’2173] The discharge ca-
pacities and average voltage of various anode materials used in
KIBs are shown in Figure 16c.

Recently, alloy-type anode materials such as Si, Sb, Sn, and P
have been studied in KIBs because they can deliver higher ca-
pacity than intercalation-type carbon materials. However, these
alloy anodes suffer from severe volume changes, pulverization
of the active materials, low conductivity, and sluggish reac-
tion kinetics.['7#! Various strategies have been developed to ad-
dress these issues, including the design of nanostructured al-
loys, composite alloys with carbon and metal oxides, and opti-
mizing the composition and amount of electrolyte and additives.
Conversion-type anodes such as metal sulfides and metal oxides
have been tested; however, many challenges must be resolved
before this type of anode material can be employed in practi-
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cal applications. Conversion-type anodes exhibit high polariza-
tion voltages and volume changes, with low coulombic efficiency,
and slow reaction kinetics.!?"'2] Organic anode materials (K, TP,
K, PC) offer a tunable redox potential, structural flexibility, and a
greater number of voids to facilitate K* diffusion. Moreover, the
discharge profile of organic anodes occurs at a potential higher
than the potassium plating potential, which improves the safety
of the full cell. However, the coulombic efficiency, capacity, and
rate capability of organic anode materials must be improved to
realize a practical KIB full cell.[213233172]

In summary, the performance of a full cell is dependent on
the synergistic effect between the anode, cathode, and electrolyte
components. Practical batteries require safe electrode materials
with high capacity, high operating voltage, long cycle life, high
charge/discharge rate, and structural stability. Anode materials
possessing a high capacity, low operating potential, and high
coulombic efficiency are suitable for use in full cells. The perfor-
mance of carbon-based anode materials can be enhanced by dop-
ing with heteroatoms tailoring their morphologies using nanos-
tructures. The K-metal anode is used as counter/reference elec-
trode in half-cell studies; however, the highly reactive metal sur-
face can undergo side reactions with the electrolyte, causing con-
tact issues. The performance of electrode materials in a half cell
differs from that in a full cell configuration owing to the unstable
reference electrode in the half cell, and thus a standard reference
electrode is essential for half-cell testing. The energy density of
a battery is determined by the cathode performance and there-
fore the development of novel cathode materials is vital. Further,
the design of KIBs for practical applications must consider the
capacity balance between anode and cathode, stable electrolyte
salts, solvents, binders, operating voltage range, cost and safety
to ensure that KIBs reach their full potential.

The metal elements used in the design of K*-based layered
cathodes for application in KIBs are summarized in Table 3. The
single transition-metal oxide compounds that crystalize in lay-
ered structure have been developed using Mn, Co, Cr, and V met-
als. The layered single-metal oxide cathodes could deliver reason-
able capacity; however, these compounds suffer from multiple
phase transitions, stepwise voltage, K* /vacancy ordering, slope
voltage, capacity fading, and structural instability. Moreover, the
expensive and toxic nature of Co, Cr, and V-based layered com-
pounds make them unfavorable for practical applications. Con-
versely, the low-cost and nontoxic Mn-based layered compounds
are considered as promising candidates, however, the Mn3* as-
sociated Jahn-Teller distortions need to be addressed.[*0:46:57.73]
To circumvent the issues related with layered single metal com-
pounds, many efforts have been focused on developing binary
metal or multimetal compounds by introducing two or more met-
als into the single metal oxide systems. Various binary metal ox-
ide compounds have been developed by using electrochemically
active metals (Ni, Fe, Co, Mn) and inactive metal (Ti, Mg, Al, Sb,
Te). The metal substitution strategy combines synergistic con-
tributions from different metals leading to improved structural
and electrochemical properties. For instance, Ni?* substitution
improved structural stability by alleviating J-T distortions and
the Ni*/** redox couple provided high operating voltage.!®* The
Fe** doping is able to provide desirable capacity involving high
voltage redox couple (Fe**/*+).I1*l The Fe/Mn-based compounds
are suitable for practical KIBs because both the elements (Fe, Mn)
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Table 3. Summary of metal elements characteristics and functions in K*-layered oxide cathodes.

Element Elemental Cathode material Redox couple Advantage Disadvantage Voltage Discharge capacity Refs.
abundance window  [mAh g~"]/current
[ppm]l®] \Y| density [mA g™]
Mn 950 P3-Ko 4sMnO, Mn3+/4+ Low-cost, high J-T effect active 1.5-4.0 128.6/20 [46]
capacity Mn3*
Co 25 P2-K, sCoO, Co+/4+ Good ion kinetics Expensive, toxic 1.7-4.0 82/10 [57]
Cr 102 03-KCrO, Cri+/4+ High capacity Toxic, complex 1.5-4.0 92/5 [40]
phase transitions
\Y 120 K, V304 VAHS+ High voltage Toxic, expensive 1.5-4.5 107.8/10 [73]
Ni 84 P2-Kg 75[Niy;3Mny 3]0, Ni2+/4+, High voltage, Expensive 1.5-4.3 110/20 [84]
Mn**-inactive suppress J-T
effect
Fe 56300 P2-Ky g5 FegsMng 5O, Fed*/4+ Mn3+/4+ Low-cost, high J-T active Fe** 1.5-4.2 151/20 [44]
voltage
Ti 5600 Ko.4Feg1MnggTig 10, Mn3+/4+ | Fed+/4+, Increase ionicity, Inactive Ti** reduce 1.5-4.0 117/10 [103]
Ti**-inactive structural capacity
stability
Mg 23300 Ko.7Mng; Mgy 50, Mn3+/4+ Suppress phase Inactive Mg?* 1.5-4.0 144.5/20 193]
Mg?*-inactive changes reduce capacity
Al 82300 Ko.45 Nig.1C0g.1 Al osMng 750, Mn3+/4+, Suppress |-T Capacity loss 1.5-4.0 84.5/20 [99]
Al**-inactive distortions
Sb 0.2 P2-Ky 7[Cro 35 Sbo.15]02 Cri+/4+, High voltage Capacity loss 1.5-4.3 70/15.4 [12]
Sb>*-inactive
Te 0.001 P2-K,3Niy/3Tey 30, NiZH/4 High voltage Capacity loss 1.3-4.7 65/6.4 [106]

Te®*-inactive

are low-cost, abundant, and environmentally benign. The Ti*
substation increased the valence state of Mn?* that suppresses
the J-T distortions. Further, the electrochemical inactive Ti** pre-
vents the layer gliding and thus improving structural stability dur-
ing K* deintercalation/intercalation.['*] Generally, the doping of
electrochemically inactive metal reduces the specific capacity and
thus the doping amount must be adjusted to obtain enhanced ca-
pacity and stability. The doping metals with high electronegativity
(Sb>*, Te®*) could provide high operating voltage due to the in-
ductive effect.l'21%] [n a word, developing K*-layered oxide ma-
terials with suitable elements and compositions could possibly
improve structural stability, specific capacity, average operating
voltage, and cycling stability.

6. Summary and Future Perspectives

The potassium-ion batteries (KIBs) are emerging as promis-
ing complements to lithium-ion batteries (LIBs), because of the
abundant potassium resources, low standard reduction potential
of potassium, and reversible electrochemistry in graphite anode.
However, it is imperative to develop cathode materials with high
capacity and structural stability for realizing practical KIBs. In
this review, recent developments, classifications, electrochemi-
cal performances, and structural changes of layered metal-oxide
cathodes have been discussed in detail for application to KIBs.
Despite several KIB achievements, however, many challenges re-
main and must be overcome for commercial KIB applications.
A major drawback is that most K*-ion layered metal oxide cath-
odes are K*-ion deficient compounds, which limit the KIB practi-
cal capacity because strong K*—K* interactions in stoichiometric
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K*-ion layered oxides destabilize the layered structure and form
K*-ion-deficient compounds or other 3D structures. In half-cell
configurations, the initial potassium loss related to the solid elec-
trolyte interface (SEI) formation is compensated by the potas-
sium metal anode. However, a full-cell KIB constructed using a
carbon-based anode and a K*-deficient layered cathode demon-
strates low capacity because the cathode is the K*-ion reser-
voir. To overcome these issues, K*-rich layered compounds can
be synthesized by introducing suitable metal cations. Further-
more, prepotassiation, as used in LIBs, can also be employed in
KIBs. K*-ion layered oxide compounds demonstrate steeper volt-
age curves and more variation in stepwise voltage than their Li*
and Na‘* counterparts mainly because strong K*—K* repulsion
causes K* /vacancy ordering as a function of K*-ion content and
transition-metal charge ordering, thereby leading to numerous
phase transitions and voltage steps. Further studies are required
to design multimetal compounds with various redox-active and
-inactive metals to suppress K*/ordering and obtain smoother
voltage profiles for K*-ion layered oxide compounds.

K*-layered metal oxide compounds exhibiting larger interlayer
spacing easily enable H,0/CO, intercalation in the ambient at-
mosphere, thereby causing structural damage and poor electro-
chemical activity. Thus, most layered compounds must be han-
dled in an inert atmosphere, which increases manufacturing and
transportation costs. Therefore, designing and developing air-
stable layered metal oxide compounds are critical for fabricating
sustainable KIBs. Taking cues from LIBs and NIBs, research ef-
forts must focus on developing air-stable K*-ion layered metal
oxides by following different strategies such as cation substi-
tutions, designing specific cathode compositions, and applying
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protective surface coatings. Nevertheless, Mn-based layered com-
pounds appear to be promising materials for application to KIB
cathodes because of their low cost and eco-friendliness. More-
over, Mn**-induced J-T-distortion, structural deterioration must
be suppressed by cation doping to optimize the cathode electro-
chemical performance. In addition to designing structures, elec-
trode micro/nanomaterials can be fabricated to exhibit porous
morphologies and mitigate volumetric changes and facilitate
ion/electron transport during battery operation. Furthermore, ex-
tensive efforts must focus on investigating KIB full cells because
they are the foundation for fabricating commercial KIBs exhibit-
ing satisfactory electrochemical performance. Another KIB chal-
lenge is exploring electrolyte salts, solvents, and additives. Elec-
trolytes must be compatible with KIB anode and cathode mate-
rials while avoiding aluminum current-collector corrosion and
electrolyte decomposition at upper cutoff voltages. Furthermore,
although fluoroethylene carbonate (FEC) forms a stable SEI in
LIBs and NIBs, it is incompatible with KIB graphite anodes; thus,
systematic investigations are required to find suitable KIB elec-
trolyte additives. Despite many breakthroughs, KIBs remain in
their infancy, leaving many challenges and opportunities to be ad-
dressed by the research fraternity and industrialists to scale KIBs
from the laboratory to practical industrial applications.
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