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Layered Mn-based transition metal oxides have gained interest as positive electrode materials for K-ion batteries due to their high
capacity, excellent structural stability, and abundant resources. However, their practical utility is significantly hindered by
insufficient electrochemical performances during operations. This study reports the successful synthesis of P3-K0.46MnO2 via the
solid-state method and investigates its charge–discharge behavior as a positive electrode working in an FSA-based (FSA= bis
(fluorosulfonyl)amide) ionic liquid electrolyte at 298 K. The K0.46MnO2 electrode demonstrates superior performance compared to
previously reported KxMnO2 counterparts, delivering a reversible discharge capacity of about 100 mAh g−1 at a current density of
20 mA g−1 and a capacity retention of 68.3% over 400 cycles at 100 mA g−1. Ex situ X-ray diffraction analyses confirm the
occurrence of reversible structural changes during the charge–discharge process. Further, we explore potassium storage
mechanisms through ex situ synchrotron soft X-ray absorption spectroscopy. Spectra obtained in Mn L-edge region suggest
that Mn is reversibly oxidized and reduced during K+ deintercalation and intercalation processes. Remarkably, discharging the
electrode below 2.3 V induces reversible formation of Mn2+ from Mn3+/4+ on the electrode surface. The study demonstrates
superior electrochemical performance of K0.46MnO2 positive electrode for K-ion battery using ionic liquid electrolyte.
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Since their first commercialization in 1991, rechargeable Li-ion
batteries (LIBs) have become top-tier energy storage systems that
have played a critical role in the deployment of renewable energy
resources and accelerated innovations in portable electronics,
electric vehicles (EV) and smart grid systems.1–3 Despite their
high energy densities, the advancement of LIBs has been heavily
restricted by the uneven geological distribution of lithium (Li) and
cobalt (Co) resources and their associated price volatility.
Consequently, research interests have shifted to alternative energy
materials based on abundant elements such as sodium (Na) and
potassium (K), whose weight ratios in the Earth’s crust have been
ranked sixth (Na, 2.36 wt%) and seventh (K, 2.09 wt%), respec-
tively. The focus on Na and K chemistries is further enhanced by
their poor alloy formation with aluminum (Al), which allows the use
of Al current collectors as cheaper substitutes for the copper ones
used in LIBs.4 As such, Na-ion batteries (NIBs) and K-ion batteries
(KIBs) are uniquely positioned to replace LIBs for future energy
storage needs.

On this front, KIBs offer several advantages over NIBs. For
instance, the standard redox potential of K+/K in most solvents is
closer to that of Li+/Li and lower than that of Na+/Na,5,6 suggesting
that KIBs could achieve operating voltages comparable to LIBs and
surpass those of NIBs. Moreover, the inexpensive and commonly
used graphite negative electrodes for LIBs have been found to
facilitate reversible K+ intercalation and deintercalation, further
promoting KIB viability.7,8 Notably, K+ has the smallest Stokes’
radius9 and the lowest desolvation energy in the Li+, Na+ and K+

line-up,10 endowing it with the highest diffusivity in electrolytes and
the fastest electrode reactions—favorable qualities for practical
battery operations.

Despite the benefits highlighted so far, the larger ionic radius of
K+ (1.38 Å), compared to that of Na+ (1.02 Å) and Li+

(0.76 Å),4,9,11 is thought to potentially induce significant structural
deterioration of the active material during electrochemical

operations. Drawing inspiration from the success of the LiCoO2

positive electrode in LIBs,12,13 layered transition metal oxides with
KxMO2 (M = transition metal element, 0< x ⩽ 1) compositions
have become promising positive electrode materials for KIBs due to
their low cost, nontoxicity and excellent structural stability. The
KxMO2 framework comprises two-dimensional slabs formed by
edge-sharing MO6 octahedra. In these structures, K+ is accommo-
dated between two adjacent MO2 layers at the octahedral (O3-type)
or prismatic (P2- or P3-type) sites. As with other layered oxides, the
digits in the O3-, P2-, or P3-type notations represent the unique
periodicity of the MO2 slab stacking.14 The feasibility of KxMO2

positive electrodes was highlighted by distorted P2-K0.3MnO2

positive electrode reported for KIBs in 2016,15 which brought the
merits of Mn adoption into perspective. Following this milestone,
several other KxMnO2-type positive electrodes, such as
P3-K0.5MnO2

16,17 and P3-K0.45MnO2,
18,19 have been successfully

synthesized, inspiring explorations into other elements, such as Fe,20

Cr21,22 and Co.23 These advancements establish the viability of
layered transition metal oxides as positive electrodes and certify
KxMnO2 as an attractive platform for KIB development.

The safety of rechargeable batteries has also become an area of
concern due to the numerous reports of fire accidents caused by the
flammable and volatile organic electrolytes over the years.
Consequently, ionic liquid (IL) electrolytes have gained traction as
prospective electrolyte candidates for safe battery operations due to
their outstanding thermal stabilities, moderate conductivities, and
wide electrochemical windows.24 In fact, considerable research
efforts have gone into the development of ionic liquids based on
amide anions such as FSA (bis(fluorosulfonyl)amide), TFSA (bis
(trifluoromethylsulfonyl)amide) and FTA (fluorosulfonyl(trifluoro-
methylsulfonyl)amide) to harness their favorable properties for
electrolyte applications in batteries. Some ILs, such as 1-allyl-3-
vinylimidazolium bis(fluorosulfonyl)amide, contribute to the forma-
tion of uniform and stable SEI, which allows the electrode to
withstand significant volume changes and maintain structural
integrity during the charge and discharge cycles. Furthermore, the
IL shows good resistance to Al corrosion.25 Against this back-
ground, a previous study by our research group also pioneered thezE-mail: yamamoto.takayuki.2w@kyoto-u.ac.jp
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development of an IL electrolyte, K[FSA]–[C3C1pyrr][FSA]
(C3C1pyrr = N-methyl-N-propylpyrrolidinium), for KIBs.26 Figure
S1 shows the chemical structure of N-methyl-N-propylpyrrolidinium
cation and bis(fluorosulfonyl)amide anion. Our report further de-
monstrated that potassium has a more negative redox potential than
lithium and sodium in M[FSA]–[C3C1pyrr][FSA] (M = Li, Na and
K) ionic liquids, suggesting the potential development of KIBs with
high operating voltages. Subsequent investigations using our IL
electrolyte have also shown that a variety of negative electrodes,
such as graphite27,28 and alloy-based materials,29,30 can deliver
reasonable performances in KIBs. By this token, the
K[FSA]–[C3C1pyrr][FSA] IL electrolyte can be expected to facil-
itate safe and stable KIB operations alongside KxMnO2 positive
electrodes.

Although the P3-type manganese oxide KxMnO2 has been
studied as positive electrode material for K-ion battery, almost all
of them used organic solvent electrolytes and the research on its
behavior in ionic liquids is still limited. Therefore, in this study, we
evaluate the charge–discharge behavior of P3-K0.46MnO2 positive
electrode with the aid of the K[FSA]–[C3C1pyrr][FSA] IL electro-
lyte for KIBs. The morphology, elemental distribution and composi-
tion, and crystal structure of the K0.46MnO2 powdered active
material are characterized through scanning electron microscopy,
energy-dispersive X-ray spectroscopy, inductively coupled plasma-
atomic emission spectroscopy and ex situ powder X-ray diffraction.
Further, we discuss the electrochemical behavior and working
mechanism of the K0.46MnO2 positive electrode in the IL electrolyte
using insights drawn from galvanostatic charge–discharge tests, ex
situ X-ray diffraction, and ex situ synchrotron-based soft X-ray
absorption spectroscopy.

Experimental

Synthesis of P3-K0.46MnO2.—The present K0.46MnO2 was
synthesized using Mn2O3 (Sigma-Aldrich, 99.9% purity) and
K2CO3 (Sigma-Aldrich, 99.99% purity) via the solid-state method.
A mixture of K2CO3 and Mn2O3 with a molar ratio of 0.52:1 was
homogeneously mixed and ground in a mortar before being calcined
in air. A stoichiometric K0.46MnO2 composition was obtained using
K2CO3 in the excess amount of 15 wt% to compensate for the
potassium loss during calcination. The calcination temperature was
increased at the rate of 5 K min−1 to 1123 K, and maintained for
15 h. Subsequently, the final sample was naturally cooled to 573 K
and transferred into an open dry chamber. After additional grinding
in the open dry chamber, the as-synthesized K0.46MnO2 powder was
stored in an Ar-filled glove box (H2O, O2 < 0.5 ppm).

Materials characterizations.—The elemental composition of the
K0.46MnO2 powder was determined through inductively coupled
plasma-atomic emission spectroscopy (ICP-AES; Spectroblue,
Hitachi). The surface morphology and elemental distribution were
detected via scanning electron microscopy (SEM; Phenom Pro
Generation 5, Thermo Fisher Scientific) and energy-dispersive
X-ray spectroscopy (EDS; SE1200–8001, Thermo Fisher
Scientific). Prior to the SEM analysis, the surface of the as-
synthesized K0.46MnO2 powder was coated with Au to improve its
conductivity. X-ray diffraction patterns of the as-synthesized
K0.46MnO2 powder and positive electrodes at different charge–-
discharge states were obtained by using an X-ray diffractometer
(XRD; Ultima IV, Rigaku) with a Cu-Kα radiation (λ= 1.5418 Å).
Further, ex situ synchrotron-based soft X-ray absorption spectro-
scopy (sXAS) was employed to detect the electronic states of
K0.46MnO2 at their Mn L-edge and O K-edge regions at BL-11 of
the SR center (Ritsumeikan University, Japan). The samples were
treated in the Ar-filled glove box and transferred to the XRD and
sXAS apparatuses with airtight vessels to prevent contact with air.

Electrochemical measurements.—The charge–discharge perfor-
mance of K0.46MnO2 electrode was evaluated using CR2032-type

coin cells assembled in the Ar-filled glove box. Potassium metal
(Sigma-Aldrich, 98% purity) and a two-ply glass fiber (Whatman,
GF/A, thickness: 260 μm) were used as the counter electrode and
separator, respectively. The working electrode was fabricated by
mixing the K0.46MnO2 active material with acetylene black and poly
(tetrafluoroethylene) at the weight ratio of 85:10:5 before pressing
the resultant composite film on an Al mesh. The loading mass of
active material in each electrode was approximately 8.5 mg cm−2.
The electrolyte used in the present study was prepared by mixing K
[FSA] salt (Nippon Shokubai Co., Ltd., purity ⩾99%) with
[C3C1pyrr][FSA] ionic liquid (Kanto Chemicals Co., Ltd.) at a
composition of x(K[FSA])= 0.20 (x: molar fraction), commensurate
with a K[FSA] molar concentration of 0.98 mol L−1 at 298 K.26

Galvanostatic charge–discharge tests were performed on the elec-
trodes using a potentiostat (580-type battery cycler, Scribner
Associations, Inc.) set in the voltage range of 1.5–4.0 V at 298 K.
Furthermore, the corrosiveness of the aluminum mesh current
collector in the K[FSA]–[C3C1pyrr][FSA] IL electrolyte was in-
vestigated by a chronoamperometric measurement at a constant
voltage of 4.0 V applied to K/Al two-electrode coin cell.

Results and Discussion

The efficacy of the present preparation method was ascertained
through a series of chemical and characterization measurements.
Table S1 shows the elemental composition of the as-synthesized
powder determined through ICP-AES analysis. The K:Mn atomic
ratio was found to be 0.46:1, confirming the successful fabrication of
a stoichiometric K0.46MnO2 composition via the solid-state method.
XRD measurements were performed with the aid of an airtight
holder due to the hygroscopic nature of the synthesized powder. As
shown in Fig. 1a, the obtained pattern appears identical to the
calculated pattern from P3-type K0.5MnO2 with R3m space group.31

The P3-type structure is schematically illustrated in Fig. 1b. Figure
S2 shows the XRD pattern of the as-synthesized K0.46MnO2 powder
alongside one obtained from a powder sample exposed to air for
comparison. The exposure to air results in a lower shift in the
diffraction angle of the main peaks appearing around 13.9° and 27.9°
and produces a set of unknown peaks in the 35°–68° range,
confirming the instability of K0.46MnO2 in air at room temperature.
The SEM images in Fig. 1c reveal the as-synthesized K0.46MnO2

powder consists of 1–2 μm sized primary particles that aggregate
into 3–6 μm sized secondary particles. The effectiveness of the
present synthesis method is further confirmed by EDS mappings
(Figs. 1d–1f), which display a uniform elemental distribution of O,
K and Mn on the as-synthesized K0.46MnO2. The EDS spectrum in
Fig. S3 illustrates characteristic K and Mn peaks that correspond to
the weight ratios of 13.3% and 39.9%, respectively. This composi-
tion of K and Mn equates to an atomic ratio of K:Mn= 0.47:1, in
consistency with the ICP-AES results.

Figures 2a and 2b illustrate the charge–discharge behavior and rate
performance of a K0.46MnO2 positive electrode working in the IL
electrolyte in the 1.5–4.0 V voltage window at varied current
densities. The electrode delivers discharge capacities of 139, 93.3,
76.0, 67.6, 52.6, and 33.1 mAh g−1 at the current densities of 20, 40,
80, 100, 200, 500 mA g−1, respectively. The initial charge and
discharge capacities are 67.5 and 139 mAh g−1, commensurate with
deintercalation of 0.26 K+ and intercalation of 0.54 K+, respectively.
The electrochemical behavior of the electrode is characterized by a
capacity decay when current densities increase. Nonetheless, the
discharge capacity bounces back up to 100 mAh g−1 when the current
density is reset to 20 mA g−1 from 500 mA g−1, indicating the
structural deterioration in the K0.46MnO2 electrode is minimal. The
cyclability of the K0.46MnO2 electrode was further investigated at
100 mA g−1 for 400 cycles, as shown in Figs. 2c and S4. The positive
electrode yields an initial discharge capacity of 57.7 mAh g−1 and
exhibits a low-capacity decay of approximately 0.05 mAh g−1 per
cycle throughout the cycling process. The discharge capacities
retained at the 100th cycle (50.3 mAh g−1) and 400th cycle
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(39.4 mAh g−1) correspond to capacity retentions of 87.2% and
68.3%, respectively. The average coulombic efficiency over the 400
cycles was found to be higher than 99%. Compared to the capacities at
100 mA g−1 in this cyclability test, K0.46MnO2 electrode exhibits the
higher capacity in the rate capability test (Figs. 2a and 2b), which is
possibly caused by the pre-activation during operation at low current
densities in early cycles. It is worth noting that the charge–discharge
curves virtually retain their shapes even after cycling for 400 cycles
(Fig. S4), demonstrating the robust structure of the K0.46MnO2

positive electrode can stably facilitate continued K+ intercalation
and deintercalation processes. Table I summarizes the electrochemical
performance of previously reported KxMnO2 (0.21 ⩽ x ⩽ 0.5) elec-
trodes for comparison with the present electrode.17–19,32,33 Compared
to those KxMnO2 electrodes operating in organic solvent electrolytes,
the K0.46MnO2 positive electrode in this study exhibits the superior
electrochemical performance, which might be contributed by the
formation of stable CEI25 and the suppression of Mn dissolution34 in
the IL electrolyte. However, we think the K0.46MnO2 is still subjected
to slight decomposition of the electrolyte on electrode surface and the

Jahn-Teller effect of Mn3+ 18,19,31 during charge and discharge
processes, which leads to the slight capacity decrease with cycling.
Furthermore, as shown in Fig. S5, the corrosive behavior of the
aluminum mesh current collector in the K[FSA]–[C3C1pyrr][FSA] IL
electrolyte was investigated by applying a constant voltage of 4.0 V to
the K/Al two-electrode coin cell. The current density was calculated
with the geometric surface area of aluminum mesh current collector
(0.785 cm2). The anodic current density decreases to 1.87 μA cm−2

within 1 min and it is stabilized at a low value of 0.175 μA cm−2 after
72 h, indicating the K[FSA]–[C3C1pyrr][FSA] IL electrolyte also
exhibits an excellent tolerance against the Al corrosion.

As shown in Fig. 3, the crystal structural changes occurring in the
K0.46MnO2 positive electrode were examined through ex situ XRD
analyses performed on electrodes at different charge and discharge
states of the first cycle operated at 20 mA g−1 in 1.5–4.0 V. The
main peak of K0.46MnO2 at around 13.9° is assigned to the 003
diffraction. Upon charging to 3.9 V, a peak shift of the 003
diffraction toward lower angle is observed, which corresponds to
increased interlayer spacing (along with c axis) possibly due to the

Figure 1. Structural characterization of the as-synthesized K0.46MnO2 powder. (a) XRD pattern (b) schematic diagram of the crystal structure, (c) SEM image,
(d)–(f) EDS mapping images of O, K and Mn.

Table I. Summary of the electrochemical performance of the present K0.46MnO2 positive electrode and representative KxMnO2 electrodes from
previous studies.

Electrolyte
Active
materials

Initial discharge capacity
(mAh g−1)

@ current density (mA g−1)
Working voltage

range (V)

Capacity retention @ nth
cycle/current

density (mA g−1) References

1 M K[FSA] in
[C3C1pyrr][FSA]

P3-K0.46MnO2 139 @ 20 1.5–4.0 50.3 @ 100/100 This study

39.4 @ 400/100
0.7 M KPF6 in EC: DEC (1:1 in
vol.)

P3-K0.5MnO2 106 @ 5 1.5–3.9 81 @ 20/5 17

140 @ 5 1.5–4.2 47 @ 20/5
0.8 M KPF6 in EC: DEC (1:1 in
vol.)

P3-K0.45MnO2 121 @ 20 1.5–4.0 59.7 @ 100/20 18

P3-K0.45MnO2 116.3 @ 20 1.5–4.0 60.4 @ 100/20 19
P2-K0.21MnO2 98.1 @ 20 1.5–3.9 49.5 @ 100/20 33
P3-K0.23MnO2 87.7 @ 20 1.5–3.9 44.8 @ 100/20

1 M KPF6 in EC: DEC: PC
(1:1:1 in vol.)

K0.32MnO2 95.1 @ 10 2.0–4.5 36.1 @ 100/100 32
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increase of the oxygen–oxygen Coulombic repulsion induced by the
deintercalation of K+ from the structure.17,35 In addition, the
emergence of unknown peaks around 10.8°, 21.9° and 36.3° is
confirmed. When the cell is charged to 4.0 V, these unknown peaks
remain and the 003 diffraction peak disappears. During the discharge
process, the 003 diffraction peak appears again at 3.3 V, and a set of
the unknown peaks disappears at 3.0 V. Then, upon discharging
from 3.0 V to 1.5 V, the 003 diffraction peak shifts to higher angle,
which corresponds to the decrease of interlayer spacing caused by
lowering the Coulombic repulsion during the intercalation of K+

ions. The reversible formation of the unknown peaks is a marked
difference to previous research16–19,31 on the crystal evolutions of
KxMnO2 positive electrode during cycling. A possible reason for this
phenomenon is the reversible migration of Mn into K layer
accompanied by a phase transition. The migration of transition
metal elements has been confirmed for many layered transition metal
oxide materials in Li- and Na-ion batteries, such as irreversible
migration of Mn in O3-Li0.5MnO2

36 and reversible migration of Fe
in P2-Na0.67Mn0.66Fe0.20Cu0.14O2.

37 It seems that the reversible
migration is easier to occur in the transition metal oxides with P-
type structure than those with O-type structure.37 In any case, the
diffraction pattern at the fully discharged state is remarkably
resemblant to the one from the pristine electrode, highlighting the
structural stability of the K0.46MnO2 positive electrode during the
charge–discharge process.

For insights into the mechanisms of K+ intercalation and
deintercalation into/from the K0.46MnO2 positive electrode, ex situ
sXAS measurements were performed on the electrodes under the
total electron yield (TEY; detection depth: 10 nm) and partial
fluorescence yield (PFY; detection depth: 100 nm)38 modes.
Figures 4 and S6 show the electronic states of Mn L-edge and O
K-edge during the 1st charge–discharge cycle conducted in the
1.5–4.0 V voltage range at a current rate of 20 mA g−1, respectively.
The Mn L-edge and O K-edge spectra of MnO (Mn2+), Mn2O3

(Mn3+) and MnO2 (Mn4+) were also obtained for reference
purposes. The spectra obtained in Mn L-edge region under the
TEY mode (Fig. 4a) show the pristine K0.46MnO2 electrode
comprises a Mn3+ signal around 640 eV and a Mn4+ signal around
642 eV. During charging to 4.0 V, the Mn3+ peak becomes weaker,
while a slightly higher energy peak shift is observed at around
652 eV (see the enlarged view in Fig. S7). This observation is
ascribed to the oxidation of Mn3+ to Mn4+ during the K+

deintercalation process. The Mn L-edge spectra obtained during
the discharge (reduction) process appear to form a trace in the
opposite direction of the charge process, further affirming the
reversibility of the process. When the electrode was discharged to
3.0 V, the intensity ratio between the 640 eV peak and the 642 eV
peak becomes larger than the one observed at the charging end,
suggesting that a fraction of the Mn4+ in the active material was
reduced to Mn3+ during the discharge process. On an interesting
note, a Mn2+ signal is detected around 638 eV in the TEY mode
spectrum (Fig. 4a) when the electrode is further discharged to 2.3 V.
The Mn L-edge spectra taken in the TEY mode in the subsequent

Figure 2. (a), (b) Charge–discharge curves and rate performance of the
K0.46MnO2 positive electrode at the current rates of 20, 40, 80, 100, 200,
500 mA g−1. (c) Capacity retention and coulombic efficiency over 400
cycles performed at a current rate of 100 mA g−1 in the 1.5–4.0 V voltage
range.

Figure 3. XRD patterns and magnifications of K0.46MnO2 positive elec-
trodes at different charge–discharge states during the 1st cycle conducted at a
current rate of 20 mA g−1 in the 1.5–4.0 V voltage range. (1) Pristine, (2)
charge to 3.9 V, (3) charge to 4.0 V, (4) discharge to 3.9 V, (5) discharge to
3.3 V, (6) discharge to 3 V, and (7) discharge to 1.5 V.
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charge–discharge cycles (up to 10 cycles) are provided in Fig. S8a.
The spectrum obtained under the TEY mode during the 2nd cycle
shows the peak intensity of the Mn2+ decreases when the electrode
is charged to 2.7 V. The spectra from the subsequent cycles revert to
the trend observed in the 1st cycle, maintaining it up to the 10th
cycle under both the TEY (Fig. S8a) and PFY modes (Fig. S8b).
This behavior suggests that the Mn reaction during charge–discharge
processes is reversible and additionally confirms the cycling stability
of the K0.46MnO2 electrode. A Mn L-edge sXAS spectrum was also
taken in the TEY mode after the K0.46MnO2 electrode was
discharged to 1.5 V directly from its pristine state, as shown in
Fig. S9. The obtained spectrum appears to be identical to the
electrode discharged to 1.5 V during the 1st cycle. In contrast, the
Mn2+ peaks in the spectra taken in the PFY mode (Figs. 4b and S8b)
are barely detectable even after discharging to 1.5 V: an indication
that the Mn2+ formation is limited to the surface region of active
material. The O K-edge spectra in Figs. S6a and S6b indicate that the
K0.46MnO2 electrode consists of a pre-edge region (below 532 eV)
and a broad band region (above 532 eV). The pre-edge region is
attributed to the hybridization of Mn 3d and O 2p orbitals, while the
broad band region is ascribed to the hybridization of the Mn 4sp and
O 2p orbitals.39 Given that the pre-edge peak is influenced by
variations in the hole states of the hybridized Mn 3d–O 2p orbital, its
intensity is expected to increase when Mn2+ oxidizes to Mn4+.
Accordingly, the intensity of the O K-edge pre-edge peaks is seen to
increase during charge and decrease during discharge, suggesting
that K+ deintercalation process was accompanied by the oxidation
from Mn3+ to Mn4+ whereas the K+ intercalation involves the

reduction from Mn4+ to Mn3+ and eventually to Mn2+. The trends
observed in the O K-edge spectra are in good alignment with those
from the Mn L-edge spectra, further validating the charge–discharge
mechanisms discussed in this study.

Figure 5 shows the schematic illustration of the charge–discharge
mechanisms occurring in the K0.46MnO2 positive electrode during
operations in the 1.5–4.0 V voltage range. When the electrode is
charged to 4.0 V, a fraction of the Mn3+ in the K0.46MnO2 is
oxidized to Mn4+. On the other hand, the discharge process is
characterized by a reversion of the Mn valence to its original state at

Figure 4. Ex situ Mn L-edge sXAS spectra of the K0.46MnO2 positive
electrode during the 1st charge–discharge cycle conducted at a current rate of
20 mA g−1 in the 1.5–4.0 V voltage range under the (a) total electron yield
(TEY) and (b) partial fluorescence yield (PFY) modes.

Figure 5. Schematic illustration of charge–discharge mechanisms of the
K0.46MnO2 positive electrode during operations in the voltage range of
1.5–4.0 V.
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3.0 V. A further drop of voltage to below 2.3 V is seen to prompt the
formation of Mn2+ on the surface of the K0.46MnO2 positive
electrode.

Conclusions

In summary, layered P3-K0.46MnO2, synthesized via the solid-
state method, was employed as a positive electrode material for a K-
ion battery using a K[FSA]–[C3C1pyrr][FSA] ionic liquid electro-
lyte. The structure of the K0.46MnO2 electrode was demonstrated to
facilitate a stable reversible K+ intercalation and deintercalation
processes over 400 cycles. Further, compared to previously reported
KxMnO2 positive electrodes, the electrode in this study delivered a
superior electrochemical performance (discharge capacity: 100 mAh
g−1 at the current rate of 20 mA g−1; 68.3% capacity retention after
400 cycles at 100 mA g−1). XRD and sXAS analyses determined
that the Mn in the K0.46MnO2 electrode underwent reversible redox
reactions involving Mn3+ to Mn4+ during the charge–discharge
cycles above 3.0 V. However, reversible formation of Mn2+ (from
the Mn3+) was found to occur on the electrode surface when the
electrode was discharged to below 2.3 V. The results presented in
this study prove K0.46MnO2 to be a positive electrode material with
superior electrochemical performance and structural stability for
KIB using an FSA-based ionic liquid electrolyte.
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