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We propose P3-K0.54[Co0.5Mn0.5]O2, which is rationally designed as a promising cathode material for highperformance potassium-ion batteries (KIBs). Its composition adopts the use of the valence state of Mn above
3.5 + to minimize the disruptive eﬀect of Jahn–Teller distortion in the MnO6 octahedra during the electrochemical reaction. Unlike other types of layered materials that suﬀer from the sluggish diﬀusion of large potassium ions accompanying multi-step voltage proﬁles, P3-K0.54[Co0.5Mn0.5]O2 delivers a high speciﬁc discharge
capacity of 120.4 mAh (g-oxide)−1 with smooth charge and discharge curves. First-principles calculations
predict an activation barrier energy of ∼260 meV for a large K+ diﬀusion, which is comparable to those observed in conventional layered cathode materials for lithium-ion batteries. As a result, even at 500 mA g−1, P3K0.54[Co0.5Mn0.5]O2 is able to deliver a high discharge capacity of 78 mAh g−1, which is a retention of 65%
versus the capacity obtained at 20 mA g−1. Combination studies using operando X-ray diﬀraction, the ex-situ Xray absorption near-edge structure, and ﬁrst-principles calculations elucidate the nature of the excellent potassium storage mechanism of K0.54[Co0.5Mn0.5]O2. This work provides a new insight for the development of
eﬃcient cathode materials for KIBs.

1. Introduction
To date, lithium-ion batteries (LIBs) have shown dominance in applications ranging from portable electronics to electric vehicles because
of their high-energy density and satisfactory cycle life [1]. However,
because of the abrupt increase in the demand for LIBs, the industry is
facing a critical issue involving the potential shortage of lithium resources. This has shown the urgent need to develop new types of batteries to replace the present LIBs [2,3]. Recently, K-ion batteries (KIBs)
have emerged as one of the possible alternatives to LIBs because of the
abundance of potassium resources and similar standard electrode potential of potassium compared to those of lithium and sodium; namely,
−3.04 V vs. a standard hydrogen electrode (SHE) for Li, −2.93 V vs. a
SHE for K, and −2.71 V vs. a SHE for Na [4]. Moreover, it is known that
potassium ions can be reversibly de/intercalated into the crystal
structure of graphite-based materials [5], indicating the applicability of
graphite-based carbonaceous materials as the anodes of KIBs. Thus, the
established system for LIBs can be more smoothly transferred to KIBs.

Recently, many studies have been directed toward the development
of novel cathode materials for KIBs [6–11]. In particular, layered Mnbased cathode materials, KxMnO2 (0 < x < 0.7), have been intensively investigated as promising cathodes because of their high
theoretical capacities and low material cost [6,8–10]. Vaalma et al. [6]
conﬁrmed the feasibility of using orthorhombic P′2 K0.3MnO2, which
delivers a discharge capacity of 74 mAh g−1 with stable cyclability in
the range of 1.5–3.5 V. Later work by Kim et al. investigated K0.5MnO2
stabilized into a P3-type layered structure (R3m). The electrode performance had a discharge capacity of ∼110 mAh g−1 in the range of
1.5–3.9 V [8]. Mn was replaced by Fe, Ni, and Co elements. The cosubstitution of Ni and Co in K0.67[Ni0.17Co0.17Mn0.66]O2 seemed to
make no diﬀerence in the capacity [9]. However, the resulting capacity
retention was somehow improved over cycles. K0.7[Fe0.5Mn0.5]O2 utilized the redox pair of Fe4+/3+. This gave the electrode a high discharge capacity of approximately 178 mAh g−1, which was the highest
value reported in KIBs [10]. In this case, the average oxidation state of
Mn was 3.6+. However, the delivery of such a high charge capacity
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(∼210 mAh g−1) is still not fully understood because the combination
of Fe3+/4+ and Mn3.6+/4+ redox pairs can theoretically contribute to
the charge capacity of 182 mAh g−1. It seems that unexpected oxidative
decomposition of the electrolyte during charging may occur; otherwise,
it is not possible to explain the reason based on the redox pairs of Fe3+/
4+
and Mn3+/4+. With the exception of P′2 K0.3MnO2 [6], the P3 types
of Mn-based cathode materials exhibit a phase transition toward the
O3-type of layered structure at a highly depotassiated state as a result of
multiphase transitions, which induce a large volume change. The diffusion of large potassium ions (∼1.38 Å) into/out of the KxMnO2
structure is likely to accompany the inevitable multiple phase transitions, which results in a non-smooth charge/discharge curve with such
steps [6,8]. This may be the cause of the poor power capability of
KxMnO2. Moreover, the challenges faced in the application of Mn-based
electrode materials should be resolved, including the presence of the
Jahn–Teller (JT) distortion of Mn3+ that shows elongation of the Mn-O
distance in one direction in the octahedral environment at a deeply
potassiated (discharged) state.
These challenges must be overcome to mitigate the structural
transition during de/potassiation and circumvent the structural disorder caused by the JT eﬀect of Mn3+ in the crystal structure. In this
work, the oxidation state of Mn is increased to 4 + by replacing half of
the Mn with Co to obtain P3-K0.54[Co0.5Mn0.5]O2. As reported by Kim
et al. [8], P3 type layered K0.5MnO2 delivers a discharge capacity ∼110
mAh g−1 in the range of 1.5–3.9 V, accompanied by reversible multiphase transition of P3 → O3 → X (O3-like phase). K+/vacancy ordering
is the main factor to judge the voltage proﬁle that shows multiple phase
transitions. For P3 type layered K2/3CoO2 [7], multi-step phase transitions are also observed, although the delivered capacity (∼60 mAh
g−1, 1.5–3.9 V) is somehow smaller than that of K0.5MnO2. Provided
that K0.5MnO2–K0.5CoO2 solid solution is formed, it is anticipated that
those multiple phase transition can be mitigated so as to retain the
resulting capacity for prolonged cycles. This tendency was ﬁrst demonstrated by Ohzuku et al. [12] using LiCoO2–LiNiO2; namely, LiNi0.5Co0.5O2 presenting a single-phase reaction during electrochemical
reaction in Li cells. Employing the concept of one-to-one solid solution,
we synthesize a K0.54[Co0.5Mn0.5]O2 compound of which the parent
structure is a solid solution of K0.5MnO2 (a = 2.875 Å, c = 19.085 Å,
R3m) and K0.5CoO2 (a = 2.829 Å, c = 18.46 Å, R3m) [7,8,13,14] that
are stabilized in rhombohedral (R3m) structure. The incorporated Co3+
selectively replaces the Mn3+ in the K0.54[Co0.5Mn0.5]O2 (a = 2.836 Å,
c = 18.919 Å, R3m) due to the same valence of Mn3+ and Co3+ rather
than ionic size, which results in the decrease in the lattice parameters as
a result of formation of solid solution. This K0.54[Co0.5Mn0.5]O2 balances the formation of Mn4+ in the K0.54[Co0.5Mn0.5]O2 compound.
Based on the knowledge attained from LiCoO2, in addition, it is anticipated that the overlapping of the O2p orbital with the Co3+/4+
redox enables facile electron transfer to lead cell operation at high
rates. Less utilization of the Mn4+/3+ redox pair and sharing of oxygen
with CoO6 octahedra like O-Mn-O-Co-O in the octahedral environment
are predicted to minimize the JT distortion, while simultaneously improving the structural integrity upon cycling. Based on combined studies using operando X-ray diﬀraction and ﬁrst-principles calculation, we
conﬁrmed that Co-substitution makes it possible to lower the structural
deformation resulting from the JT distortion of Mn3+ in the oxide
matrix and improve the structural stability, with a single-phase reaction
during de/potassiation in the oxide lattice. As a result, the present P3K0.54[Co0.5Mn0.5]O2 cathode exhibits a high reversible capacity, 120.4
mAh g−1, with an average operating voltage of ∼2.85 V (vs. K+/K).
Over 100 cycles at a 20 mA g−1, up to 85% of its initial capacity is
maintained. Even cycling test at 500 mA g−1, the P3-K0.54[Co0.5Mn0.5]
O2 displays an excellent power capability of 78 mAh g−1, with a capacity retention of 62% for 500 cycles compared with the capacity
measured at 20 mA g−1. The ﬁrst-principles calculations reveals that
the low activation barrier energy of ∼260 meV promotes the fast diffusion of K+ ions in the P3-Kx[Co0.5Mn0.5]O2 structure, which is

comparable to the activation barrier energy for Li+ diﬀusion in conventional layered cathodes for LIBs. We, herein, report the excellent
power capability of P3-K0.54[Co0.5Mn0.5]O2 as a promising cathode
material for KIBs.
2. Experimental section
2.1. Material synthesis
The P3-K0.54[Co0.5Mn0.5]O2 powder was synthesized using a typical
combustion method [15]. An aqueous solution was stoichiometrically
prepared by dissolving KNO3, Co(NO3)6H2O, Mn(NO3)26H2O, and citric acid as a chelating agent in distilled water. The starting solution
was evaporated overnight on a hot plate at 110 °C under constant
stirring. Then, the dried powders were further heated to 200 °C for the
auto-combustion of the citric acid. The as-received powders were calcined at 500 °C for 3 h to decompose the nitrates, and then re-calcined
at 800 °C for 5 h under an air atmosphere at a heating rate of 2 °C
min−1. This was followed by slow cooling at a cooling rate of 1 °C
min−1. To prevent the formation of unwanted byproducts on the surface by moisture, the produced K0.54[Co0.5Mn0.5]O2 powders were
promptly moved into an Ar-ﬁlled glove box [16].
2.2. Material characterization
To characterize the crystal structures of the synthesized powders, Xray diﬀraction (XRD, Xpert, PANalitica) using Cu-Kα radiation was
performed. The XRD measurement was performed in the 2θ range of
10°–80° with a step size of 0.03°. The FULLPROF Rietveld program was
used to analyze the XRD patterns of the powders. The particle
morphologies and sizes of the obtained precursors and powders were
observed using scanning electron microscopy (SEM, JSM 6400, JEOL)
and transmission electron microscopy (TEM, JEM2010, JEOL). To determine the stoichiometry of the K0.54[Co0.5Mn0.5]O2 compounds, energy-dispersive X-ray spectroscopy (EDX) mapping was used. To obtain
the chemical composition to use Rietveld reﬁnement, the as-synthesized
powders were analyzed by ICP - AES (OPTIMA 8300, PerkinElmer). The
powders samples were ﬁrst dissolved in nitric and sulfuric acids (1:1 in
volume), and of hydroﬂuoric acid (1/3 of the acid mixture in volume)
was subsequently added. These solutions were continuously stirred at
80 °C for 5 h. The resulting solutions were transparent without any
precipitates. The results of ICP-AES showed concentrations for K, Co,
and Mn in average, as follow; K0.537[Co0.498Mn0.502]O2, which are close
to the designated compositions of K0.54[Co0.5Mn0.5]O2. As shown Fig.
S1, the K0.54[Co0.5Mn0.5]O2 is hygroscopic, so that hydrated phase appears after exposing in air one hour, seen in the XRD pattern measured
exposing in air for 1 h. The direct volt-ampere method (CMT-SR1000,
IT) was used to measure the DC electrical conductivity, in which a fourpoint probe was placed in contact with a disc sample. The K-storage
mechanisms in the charge and discharge processes were examined by
means of ex-situ XRD, in operando XRD, and ex-situ X-ray absorption
spectroscopy (XAS). The ex-situ XAS measurements were carried out at
the 6D beamline of the Pohang Accelerator Laboratory (PAL), Pohang,
South Korea. The eﬀects of the phase stability and redox behaviors
during cycling are discussed based on these results.
2.3. Electrochemical tests
Electrodes were fabricated using a mixture of the active materials
(80 wt%), conducting carbon (Super-P:KS-6 = 1:1, 10 wt.%), and
polyvinylidene ﬂuoride (PVDF, 10 wt%) in N-methyl-2-pyrrolidone
(NMP). The loaded slurry (approximately 3.0–4.0 mg cm−2) was applied to Al foil and then dried overnight in an oven at 110 °C under
vacuum before use. The electrochemical properties were determined
using R2032 coin-type cells with potassium metal anodes separated by
glass ﬁber (Advantec) in an Ar-ﬁlled glove box. The electrolyte solution
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Fig. 1b. The calculated lattice parameters are slightly lower than those
of K0.5MnO2 (a = 2.875 Å and c = 19.085 Å), but higher than those of
K0.5CoO2 (a = 2.829 Å, c = 18.46 Å, R3m) [7,8,13]. In consideration of
the above-mentioned results, K0.54[Co0.5Mn0.5]O2 is solid solution of
the end members of K0.5MnO2 and K0.5CoO2. The electrical conductivity
was 8.2 × 10−6 S cm−1 as measured by a four-probe method. The X-ray
absorption near-edge structure (XANES) spectra of the Mn and Co Kedges show that the average oxidation state of Mn is close to 4+
(Fig. 1c), while the substituted Co is stabilized at 3+ (Fig. 1d). In
consideration of K0.5MnO2, which is composed of Mn3+ and Mn4+ with
a ratio of 1 : 1, it was conﬁrmed that the incorporated Co3+ preferentially replaces the Mn3+ because it has the same charge state rather than being the result of the ionic radii between Mn3+ (0.645 Å)
and Co3+ (0.545 Å). Hence, it is reasonable that the replacement of
Mn3+ by the smaller Co3+ results in a decrease in the lattice parameters
for the K0.54[Co0.5Mn0.5]O2. The K atoms are accommodated at trigonal
prismatic sites in the interslab space between MO2 (M = Co, Mn) layers,
and the O ions are stacked in the sequence order of ABBCCA. The
overall morphology of K0.54[Co0.5Mn0.5]O2 is shown in Fig. S3. Transmission electron microscopy (TEM) observations, along with the resulting energy dispersive X-ray spectroscopy (EDS) mappings, demonstrated that the P3-K0.54[Co0.5Mn0.5]O2 particles had the shape of
hexagonal-platelets with an average diameter of 1.5–2 μm (Fig. 1e), and
they consisted of the K, Co, and Mn elements (Fig. 1f). TEM image with
EDS mapping data were rearranged to Fig. S4. The high resolution TEM
(HR-TEM) image shows well-developed layers for the K0.54[Co0.5Mn0.5]
O2, in which the interlayer distance agrees with the d-spacing of (003)
plane (Fig. 1g). The selected-area electron diﬀraction (SAED) patterns
along the [110] zone axis also conﬁrms the symmetry stabilized in
rhombohedral structure (inset of Fig. 1g).
Based on the structural data obtained from the Rietveld reﬁnement
of the XRD data and XANES, we performed a ﬁrst-principles calculation
to predict the theoretical properties of P3-Kx[Co0.5Mn0.5]O2. Such K/
vacancy conﬁgurations on P3-Kx[Co0.5Mn0.5]O2 (0 ≤ x ≤ 1) were
generated through the CASM software. Fig. 2a presents the convex-hull
plot for the formation energies of P3-Kx[Co0.5Mn0.5]O2 (0 ≤ x ≤ 1),
and it was predicted that there were several stable intermittent phases
between K0[Co0.5Mn0.5]O2 and K1[Co0.5Mn0.5]O2, which implies the
single-phase reaction of P3-Kx[Co0.5Mn0.5]O2 during de/potassiation
processes. Furthermore, the ﬁrst-principles calculation analyses indicated that, at a voltage range of 1.5–3.9 V (vs. K+/K), ∼0.5 mol K+
ions can be reversibly de/intercalated from the P3-Kx[Co0.5Mn0.5]O2
structure, which agrees with the experimental data observed in the
result of galvanostatic intermittent titration technique (GITT) measurement (Fig. 2b). During the charging process, ∼0.29 mol K+ ions are
deintercalated from K0.54[Co0.5Mn0.5]O2 to form K0.25[Co0.5Mn0.5]O2.
Then, ∼0.5 mol K+ ions are intercalated to induce K0.75[Co0.5Mn0.5]O2
on discharge in the range of 3.9–1.5 V. Furthermore, it exhibits a
smooth discharge curve, compared with KxMnO2 for KIBs [6,8]. It was
reported that the JT distortion of Mn3+ deteriorating the structural
stability in NaxMnO2 requires particular Na/vacancy conﬁgurations as
a function of the Na content, which simultaneously causes the multiple
voltage steps of NaxMnO2 during the charging/discharging process
[24,25]. The smooth variation in the voltage proﬁle is likely to mitigate
not only the eﬀect of K+/vacancy ordering but also the JT eﬀect on
Mn3+ at present, as a result of the replacement of Mn3+ by Co3+ in the
crystal structure. It was reported that the JT distortion by Mn3+ results
in diﬀerence of the partial Mn-O bond lengths compared with the other
Mn-O bond lengths in MnO6 octahedra, due to the certain electron
conﬁgurations at the d orbital of Mn ion [26,27]. Thus, we supposed
that veriﬁcation of detailed information on the crystal structure should
be required to verify suppression of the JT distortion by Mn3+ through
Co-substitution. To obtain the thermodynamically stable structural information on the pristine P3-KxMnO2 and Co-substituted P3Kx[Co0.5Mn0.5]O2 (x = 0.75 and 0.25), we performed ﬁrst-principles
calculation with density functional theory (DFT), and then schematized

comprised a 0.5 M KPF6 in ethylene carbonate (EC):diethyl carbonate
(DEC) (1:1 by v/v). The assembled cells were charged/discharged between 1.5 V and 3.9 V at 25 °C. Galvanostatic intermittent titration
technique (GITT) were performed by using R2032 coin-type cells with
potassium metal anodes and the carbonated based electrolyte. After
assembling cell, the GITT measurement of the electrode were conducted
at a rate of 20 mA g−1 with 30-min charge (depotassiation) or discharge
(potassiation) step with 10-min rest and open-circuit periods of 1 h.
Prior to fabricating hard carbon (Kureha) anode, pre-treatment of the
hard carbon was done to eliminate adhered water at 1000 °C for 2 h in
Ar atmosphere. After then, the hard carbon anode was fabricated by
blending the active materials and PVDF (10 wt.%) with an appropriate
amount of NMP solution. The obtained slurry was applied on copper
foil and then dried at 80 °C in a vacuum oven. Discs were punched out
of the dried electrodes (diameter: 16 ϕ, mass loading; ∼1.8 mg cm−2)
to assemble coin cells with the K metal anode for coin type half cells
and with P3 type K0.54[Co0.5Mn0.5]O2 cathode for coin type full cells.
The fabricated anodes were pre-sodiated through direct contact with
potassium metal (Alfa Aesar) in 0.5 M KPF6 in EC:DEC electrolyte for
1 h to minimize the irreversibility during sodiation process. The
cathode and hard carbon anode (a capacity ratio of negative and positive electrodes to be ∼1.2, namely, ∼3 mg cm−2 for the cathode and
∼1.8 mg cm−2 for the anode) were separated by a glass ﬁber separator
in a R2032 coin cell. The used electrolyte in the coin full cell was approximately 150 μl.
2.4. Computational details
Density functional theory (DFT) calculations were performed using
the Vienna ab initio simulation package (VASP) [17]. We used projector-augmented wave (PAW) pseudopotentials [18] with a planewave basis set. The Perdew–Burke–Ernzerhof (PBE) parametrization of
the generalized gradient approximation (GGA) was used for the exchange-correlation function [19]. The GGA + U method [20] was
adopted to address the localization of d-orbitals in Mn and Co ions, with
U values of 3.9 and 3.4 eV, respectively, as determined in a previous
report [21]. All of the calculations were performed with an energy
cutoﬀ of 500 eV until the residual forces in the system converged to less
than 0.05 eV Å−1 per unit cell. To obtain a convex hull plot for P3Kx[Co0.5Mn0.5]O2, the phase stability of the P3-Kx[Co0.5Mn0.5]O2
compounds was investigated by generating all of the K conﬁgurations
corresponding to speciﬁc K contents and calculating the formation energies. The cluster-assisted statistical mechanics (CASM) software [22]
was used to generate all of the K/vacancy conﬁgurations for each
composition, and 30 conﬁgurations with the lowest electrostatic energy
for each composition were used for the DFT calculations. Nudged
elastic band (NEB) calculations [23] were performed to determine the
activation barrier for K+ diﬀusion in the P3-Kx[Co0.5Mn0.5]O2 structure. We considered ﬁve intermediate states between the ﬁrst and ﬁnal
images of a single K+ diﬀusion event. During the NEB calculations, all
of the structures were allowed to relax with ﬁxed lattice parameters.
3. Results and discussion
First, the chemical composition of the as-synthesized product was
conﬁrmed by inductively coupled plasma, K0.537[Co0.498Mn0.502]O2,
which are close to the designated compositions of K0.54[Co0.5Mn0.5]O2.
The structure of P3-K0.54[Co0.5Mn0.5]O2 was veriﬁed through Rietveld
reﬁnement of the X-ray diﬀraction (XRD). As shown in Fig. 1a, the
crystal structure of K0.54[Co0.5Mn0.5]O2 is deﬁned as a typical P3-type
layered structure belonging to the R3m space group without impurity
phases, which agrees with the simulated XRD pattern. The peaks between 17° and 30° are related to the Mylar ﬁlm which used to seal the
sample on the XRD holder. The calculated parameters are a = 2.836(3)
Å and c = 18.919(5) Å. The other structural information on the present
P3-K0.54[Co0.5Mn0.5]O2 is tabulated in Table S1 and visualized in
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Fig. 1. (a) Rietveld reﬁnement results for powder XRD patterns (Mylar ﬁlm: 17° ∼ 30°), (b) illustration of P3-K0.54[Co0.5Mn0.5]O2 structure, (c) Mn K edge XANES
spectra, (d) Co k edge XANES spectra with references (Mn2O3, MnO2, and Co2O3), (e) TEM image, and (f) EDS mapping, and (g) HRTEM image of K0.54[Co0.5Mn0.5]O2
and the resulting SAED pattern observed along [110] zone axis.

P3 → O3 → X (O3-like phase) [8], while the K0.54[Co0.5Mn0.5]O2
showed the smooth voltage proﬁles that led to improvement in cycling
performance.
The electrochemical activity for the K0.54[Co0.5Mn0.5]O2 was ﬁrst
investigated by cyclic voltammetry (CV) (Fig. 3a): i) between 1.5 and
4.3 V (red line) and 1.5 and 3.9 V (blue line) at a sweep rate of
0.5 mV s−1. The anodic and cathodic reactions were highly reversible in
the test range of 1.5 and 3.9 V, while irreversible anodic reaction was
observed at higher potential over 4 V. Such irreversibility highlighted in
inset is likely associated with oxidative decomposition of electrolyte;
hence, we set the operation range from 1.5 to 3.9 V to minimize the
eﬀect of electrolyte during cycling test. Preliminary cell test done at
those two ranges indicate better cycling stability for the latter case
(Fig. 3b). Similar phenomena were also mentioned in earlier works
[8,28,29]. From the above theoretical prediction and the resulting
electrochemical charge-discharge curves, we conﬁrm that the present
P3-K0.54[Co0.5Mn0.5]O2 undergoes less structural transition during the
electrochemical reaction, which may result in the improved rate capability and cycling stability. As shown in Fig. 3c and d, the P3-

the crystal structures of the P3-KxMnO2 and the P3-Kx[Co0.5Mn0.5]O2
(x = 0.75 and 0.25) extracted from DFT calculation for comparison of
the JT distortion by Mn3+ between P3-KxMnO2 and P3-Kx[Co0.5Mn0.5]
O2. Besides two types of Mn-O bonds exhibit longer distances than the
others at MnO6 octahedra in the pristine P3-K0.75MnO2 structure, all
Mn-O bond lengths of MnO6 octahedra in the Co-substituted P3K0.75[Co0.5Mn0.5]O2 structure are similar to each other (Fig. 2c and d).
However, unlike the P3-K0.75MnO2, the P3-K0.25MnO2 is composed of
the MnO6 octahedra in which all Mn-O bond lengths are similar, which
indicates mitigation the JT distortion by Mn3+ in P3-KxMnO2 structure
(Fig. S5a). In case of P3-Kx[Co0.5Mn0.5]O2, regardless of K contents in
the structure, all Mn-O bond lengths in P3-K0.75[Co0.5Mn0.5]O2 and P3K0.25[Co0.5Mn0.5]O2 are similar each other (Fig. S5b), which implies
that Co-substitution is eﬀective in mitigation of the JT distortion arising
from Mn3+ in the structure. This diﬀerence may induce a smooth voltage proﬁle for P3-Kx[Co0.5Mn0.5]O2. To check the above explanation,
electrochemical properties of P3-K0.54MnO2 and P3-K0.54[Co0.5Mn0.5]
O2 electrodes were compared (Fig. S6). Several voltage plateaus were
observed for the P3-K0.54MnO2 because of successive phase transition,
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Fig. 2. (a) Formation energy of P3-Kx[Co0.5Mn0.5]O2 (0 ≤ x ≤ 1), (b) comparison of experimentally measured GITT charge/discharge curve and predicted voltage
proﬁle, and comparison of Mn-O bonding distances between (c) P3-K0.75MnO2 and (d) P3-K0.75[Co0.5Mn0.5]O2.

through the ﬁrst-principles calculation using the nudged elastic band
(NEB) method. Fig. 5a shows that, despite the large ionic size of K+, an
activation barrier energy of ∼260 meV was required for K+ diﬀusion in
P3-K0.75[Co0.5Mn0.5]O2, which was comparable to those of the conventional cathode materials for LIBs. Moreover, by changing the combination of Mn and Co at transition metal sites in the structure, the
partial K+ ions only required a very low activation barrier of
∼170 meV for K+ diﬀusion. (Fig. 5b). Therefore, the high rate performance of the present K0.54[Co0.5Mn0.5]O2 is understood.
Based on the ﬁrst-principles calculation data, the structural variation of P3-Kx[Co0.5Mn0.5]O2 was predicted as a function of the K+
content in the structure. As seen in Fig. 6a, it is calculated that the clattice parameter of P3-Kx[Co0.5Mn0.5]O2 increases from ∼18.86 Å to
∼19.63 Å as K+ ions are deintercalated from the crystal structure. This
is due to a result of the oxygen-oxygen (O2--O2-) repulsion arising from
the formation of vacancies at the potassium sites, which implies the
shift of the (003) peak toward a lower 2ɵ angle in the XRD pattern. This
prediction of the structural change in P3-Kx[Co0.5Mn0.5]O2 during K+
de/intercalation was clearly conﬁrmed through the operando XRD
analysis (Fig. 6b). All of the major diﬀraction peaks corresponding to
the P3-type hexagonal structure with R3m symmetry were clearly observed. During charging, the (003) and (006) XRD peaks of P3Kx[Co0.5Mn0.5]O2 were monotonically shifted toward lower angles, and
then these peaks moved back to their original positions at 2.5 V. This
reversible behavior seemed to be due to the reversibility of the Co3+/4+
redox pair, because the average oxidation state of Mn is 4+, which
means it is not able to further oxidize above 4+. Further lowering the
discharge voltage to 1.5 V induced more peak shifts toward lower angles than the original peak positions of K0.54[Co0.5Mn0.5]O2. This is due
to the occurrence of additional redox species as a result of the appearance of Mn4+/3+ reaction. The c-lattice parameter of P3Kx[Co0.5Mn0.5]O2 decreased monotonously from ∼19.63 Å to
∼18.86 Å during discharge (Fig. 6c), which agreed with the results of
the ﬁrst-principles calculation. In addition, it was veriﬁed that P3Kx[Co0.5Mn0.5]O2 experienced a reversible single-phase reaction with a
continuous shift in the XRD peaks during the K+ de/intercalation
process, conﬁrming the phase stability of the Kx[Co0.5Mn0.5]O2
(x = 0.25–0.75) as the P3 rhombohedral structure during

K0.54[Co0.5Mn0.5]O2 electrode showed an acceptable power capability
at rates to 500 mA g−1. In particular, P3-K0.54[Co0.5Mn0.5]O2 delivered
a discharge capacity of 78 mAh g−1 at a rate of 500 mA g−1 (full
charge/discharge capacity in 20 min) and retained 65% of the capacity
obtained at 20 mA g−1 because of its high electronic conductivity
(Table S1). Slight diﬀerences in the shape of the charge curves with
increasing current may be related to the unoptimized electrolyte that
results from side reaction between K metal and electrolytic solvent
(Fig. 3c), as the similar phenomena were observed in literature
[8,13,30–33]. In a cycling test, the P3-K0.54[Co0.5Mn0.5]O2 electrodes
showed excellent capacity retention of 85% after 100 cycles at
20 mA g−1 and 62% after 500 cycles at 500 mA g−1 (Fig. 3e and Fig.
S7). The deﬁciency of potassium in K0.54[Co0.5Mn0.5]O2 causes the
lower charge capacity than discharge capacity, and it gives the ﬁrst
Coulombic eﬃciency approximately 180%. Except the ﬁrst cycle, not
only the present K0.54[Co0.5Mn0.5]O2 but almost of potassium cathode
exhibit unstable Coulombic eﬃciency below 100% during cycling, indicating more capacity is delivered on charge than discharge [8–10,30].
According to recent work by Nazar et al. [34], there are the high reactivity such as unwanted side reaction between K metal and conventional carbonate solvent such as propylene carbonate (PC) or ethylene
carbonate (EC)/diethyl carbonate (DEC). This causes formation of thick
solid electrolytic interphase (SEI) layer, leading to increased charge
transfer resistance with low coulombic eﬃciency. Electrochemical impedance spectra reﬂect the rise of charge transfer resistance during
cycles, presumably ascribed to the side reaction of electrolyte (Fig. S8).
The post-cycled electrode was mounted in an Ar-ﬁlled chamber for XRD
measurement, so that there was no contact with air during sample
handling and measurement (Fig. 4a). The obtained XRD pattern was
reﬁned by Rietveld method and compared with the as-synthesized P3K0.54[Co0.5Mn0.5]O2 (Table S2). The results indicate that there is almost
no change in the structure after the extensive cycles. The post-cycled
K0.54[Co0.5Mn0.5]O2 still shows clear layer image in Fig. 4b, agreeing
with the XRD pattern shown in Fig. 4a. The corresponding SAED patterns along the [110] zone axis is identical to the as-synthesized
K0.54[Co0.5Mn0.5]O2 (Fig. 1g), indicating the excellent structural stability.
The good rate capability of P3-K0.54[Co0.5Mn0.5]O2 was conﬁrmed
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Fig. 3. (a) Cyclic voltammetry curves for K0.54[Co0.5Mn0.5]O2 tested in the range of 1.5–4.3 V and 1.5–3.9 V. (b) Comparison of upper cut-oﬀ voltage for 20 cycles:
(top) 1.5–4.3 V and (bottom) 1.5–3.9 V (inset: cycling performance). (c) Capacity versus voltage curves measured at various currents (20 mA g−1, 30 mA g−1,
50 mA g−1, 100 mA g−1, 300 mA g−1, 500 mA g−1), (d) the resulting cyclability, (e) cycling performances at 20 mA g−1 for 100 cycles and 500 mA g−1 for 500
cycles.

environment of the transition metals. To investigate the valence
changes in the cobalt and manganese, the ex-situ XANES analysis was
performed on various P3-Kx[Co0.5Mn0.5]O2 samples (x = 0.25, 0.54,
0.74). The XANES spectra at the Mn and Co K-edges are shown in
Fig. 7a and b, respectively. The Mn K-edge spectrum of the as-prepared
P3-K0.54[Co0.5Mn0.5]O2 shows a proﬁle similar to that of MnO2 (Mn4+).
The oxidation state of the manganese in P3-K0.54[Co0.5Mn0.5]O2 is estimated to be the tetravalent state. A comparison of this spectrum with
that of P3-K0.25[Co0.5Mn0.5]O2 shows that no signiﬁcant changes are
conﬁrmed at the Mn K-edge. This suggests that the tetravalent manganese is not active under the charging process, as anticipated in
Fig. 6b. Evident changes are seen for the Mn K-edge in the XANES
spectra of the discharged P3-K0.74[Co0.5Mn0.5]O2. Speciﬁcally, the Mn
K-edge absorption of P3-K0.74[Co0.5Mn0.5]O2 shifts to the lower energy

electrochemical reaction. The phase stability was also conﬁrmed in exsitu XRD patterns for fully charged and discharged electrodes that the
phases were identical to the fresh electrode, as shown in Fig. S9. This
behavior is diﬀerent from the previously reported P3-type K-based
layered oxide cathodes that usually accompany the biphasic process
[6–8,10]. It is thought that this simple structural variation is responsible for the improved electrochemical performances compared
with those reported for layered cathode materials in Li systems such as
Li[Ni1/3Co1/3Mn1/3]O2 [35,36] and Li[Ni1/2Mn1/2]O2 [37,38]. More
recently, Wang et al. [10] explained the importance of structural stability supported by a single-phase reaction of K0.7[Fe0.5Mn0.5]O2 for
1000 cycles in K cells.
The aforementioned K-storage process was explained with an ex-situ
XANES analysis that demonstrated the chemical valence state and local
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Fig. 4. (a) Rietveld reﬁnement of XRD data for the post-cycled K0.54[Co0.5Mn0.5]O2 at 500 mA g−1 for 500 cycles, (Mylar ﬁlm: 17° ∼ 30°), and (b) HRTEM image of
the post-cycled K0.54[Co0.5Mn0.5]O2 and the resulting SAED pattern observed along [110] zone axis.

Fig. 5. (a) K1-1-K2-1 and (b) K1-2-K2-2 diﬀusion paths predicted with activation barrier energy on P3-K0.75[Co0.5Mn0.5]O2.

purpose, we designed the chemical composition of the cathode material
to be K0.54[Co0.5Mn0.5]O2, for which the oxidation state of Mn is
3.92+. Because the Mn is close to 4+, it does not participate in the
electrochemical reaction during charging, whereas the reduction of Mn
occurs in the range of 2.5–1.5 V on discharge, in which the reduction
produces a Mn oxidation state of 3.52+. Furthermore, although a half
of the MnO6 octahedra are composed of Mn3+, they share oxygen with
the CoO6 octahedra so that the eﬀect of JT distortion can be reduced
compared with the discharged Mn-based electrode. This eﬀect reﬂects
the occurrence of the single-phase reaction during the K+ extraction
and insertion processes in the operation range of 1.5–3.9 V in the K
cells. In addition, the incorporation of Co enables the minimization of
the activation barrier as low as those of the conventional layered
electrodes for LIBs.
K0.54[Co0.5Mn0.5]O2 active materials were observed before and after
the extensive cycling test at 500 mAg−1 (Fig. 4 and S11). Compared
with the fresh K0.54[Co0.5Mn0.5]O2 material, the cycled active materials
were able to keep the original morphology, without deteriorious fracture or cracking of particles. It is likely that this morphological integrity
is related to the smaller variation in the c-axis, approximately 4%,

region compared to that of the as-synthesized P3-K0.54[Co0.5Mn0.5]O2,
suggesting that the oxidation state of Mn moves to the trivalent state in
P3-K0.74[Co0.5Mn0.5]O2 by an electrochemical reduction in the K cells.
The Co K-edge spectra of P3-K0.54[Co0.5Mn0.5]O2 and Co2O3 (Co3+)
coincide with each other, suggesting that trivalent cobalt mainly exists
in the octahedral environment in P3-K0.54[Co0.5Mn0.5]O2. The Co Kedge absorption of P3-K0.25[Co0.5Mn0.5]O2 clearly shifts to the higherenergy region compared to that of the as-synthesized P3K0.54[Co0.5Mn0.5]O2. The spectrum is comparable in energy to that of
CoO2 (Co4+) [39], indicating the oxidation of cobalt from the trivalent
state in P3-K0.54[Co0.5Mn0.5]O2 to the tetravalent state in P3K0.25[Co0.5Mn0.5]O2 by electrochemical oxidation in the K cells. A
comparison of the spectra for the as-synthesized P3-K0.54[Co0.5Mn0.5]O2
and discharged P3-K0.74[Co0.5Mn0.5]O2 shows that no signiﬁcant
changes are observed at the Co K-edge, indicating that cobalt is in a
reversibly reduced trivalent state on discharge. Local structural changes
resulting from the Mn3+/4+ and Co3+/4+ redox reaction was veriﬁed
by the ex-situ EXAFS results (Fig. S10). It is worth mentioning that the
use of a high valence state for Mn above 3.5 + was necessary to
minimize the eﬀect of JT distortion in the MnO6 octahedra. For this
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Fig. 6. (a) Predicted structural change in P3-Kx[Co0.5Mn0.5]O2 (0.25 ≤ x ≤ 0.75), (b) operando XRD patterns of P3-Kx[Co0.5Mn0.5]O2 with Kapton ﬁlm: 17° ∼ 30°,
and (c) comparison of c-lattice parameters of P3-Kx[Co0.5Mn0.5]O2 obtained by ﬁrst-principles calculations and operando XRD data.

Fig. 7. XANES spectra of (a) Mn and (b) Co K-edge of P3-Kx[Co0.5Mn0.5]O2 measured at the OCV with end of charge and discharge.

(g-oxide)−1, retaining ∼82% of initial capacity for 100 cycles (Fig. 8b
and c). This ﬁnding suggests great potential of K0.54[Co0.5Mn0.5]O2
cathode materials for application in KIBs.
In K system, layered structures are stable with K-deﬁcient composition; namely K-deﬁcient P2 and P3 structures. The present P3K0.54[Co0.5Mn0.5]O2 shows that approximately a half of K site is vacant
in the structure. Therefore, the extractable K+ ion is limited during
charge, while more amount of K+ is inserted into the host structure
during discharge. To balance this irreversible ﬁrst capacity, more work
should be done to explore other additives that provide additional
amount of K+ ions during the ﬁrst charge. Our recent works have reported eﬀective additives for Na-deﬁcient compounds such as NaNO2
for P′2-Na2/3[Co0.05Mn0.95]O2 [41] and ethylenediaminetetraacetic
acid (EDTA) tetra sodium salt for P2-Na2/3[Al0.05Mn0.95]O2 [42], of
which both additives successfully compensated for the deﬁcient Na+
during the ﬁrst charge that improve the ﬁrst CE close to 100%. Further
work will be carried out to ﬁnd appropriate additives to compensate for
the insuﬃcient charge capacities for K-deﬁcient P2 and P3 cathode
materials.

derived by the single-phase reaction during de/potassiation shown in
Fig. 6c and almost no change in the lattice parameters before and after
500 cycles at 500 mA g−1 (Table S2). Capacity fading is evident for long
term cycling, and possible reasons are due to structural disintegration
active materials and dissolution of active materials by HF. Since it is
conﬁrmed that the original phase P3 layered structure was maintained
even after 500 cycles, ICP measurements were carried out for the post
cycled electrode to check the dissolution of active materials in electrolyte for long cycles. The dissolved Mn and Co contents were 72 and
27 ppm, respectively. Such dissolution of active materials is likely responsible for the capacity decay for long term cycling. Similar results
were observed in our previous work in Na system [40]. Also, instability
between carbonate-based electrolyte and K metal may cause limit the
capacity retention for long term [34], which should be resolved to
improve the cell performances in K cells. The full cells conﬁgured between the K0.54[Co0.5Mn0.5]O2 and hard carbon were fabricated after an
adjusting N/P capacity ratio of 1.2 to minimize the irreversibility and
pre-cycled to formation of SEI layer on surface of hard carbon anode
during few cycles for formation and grading processes (Fig. 8a) [25,41].
The full cell delivered a discharge capacity of approximately 96 mAh
291

Nano Energy 61 (2019) 284–294

J.U. Choi, et al.

Fig. 8. (a) First charge and discharge curves
of P3-K0.54[Co0.5Mn0.5]O2//K metal half
cell (black), P3-K0.54[Co0.5Mn0.5]O2//hard
carbon full cell (red), and hard carbon//K
metal half cell (blue). Full cell performance
of the P3-K0.54[Co0.5Mn0.5]O2//hard carbon
full cell; (b) charge-discharge curves (after
formation and grading processes) and (c)
cycling performance at 20 mA g−1.

4. Conclusion
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