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Abstract

Layered‐type transition metal (TM) oxides are considered as one of the most

promising cathodes for K‐ion batteries because of the large theoretical gravimetric

capacity by low molar mass. However, they suffer from severe structural change by

de/intercalation and diffusion of K+ ions with large ionic size, which results in not

only much lower reversible capacity than the theoretical capacity but also poor

power capability. Thus, it is important to enhance the structural stability of the

layered‐type TM oxides for outstanding electrochemical behaviors under the K‐ion
battery system. Herein, it is investigated that the substitution of the appropriate Ti4+

contents enables a highly enlarged reversible capacity of P3‐type KxCrO2 using

combined studies of first‐principles calculation and various experiments. Whereas

the pristine P3‐type KxCrO2 just exhibits the reversible capacity of ∼120mAh g−1 in

the voltage range of 1.5–4.0 V (vs. K+/K), the ∼0.61molK+ corresponding to

∼150mAhg−1 can be reversible de/intercalated at the structure of P3‐type
K0.71[Cr0.75Ti0.25]O2 under the same conditions. Furthermore, even at the high

current density of 788mAg−1, the specific capacity of P3‐type K0.71[Cr0.75Ti0.25]O2 is

∼120mAhg−1, which is ∼81 times larger than that of the pristine P3‐type KxCrO2.

It is believed that this research can provide an effective strategy to improve the

electrochemical performances of the cathode materials suffered by severe structural

change that occurred during charge/discharge under not only K‐ion battery system

but also other rechargeable battery systems.
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1 | INTRODUCTION

Since the usage of fossil fuels has caused many
environmental problems such as global warming, fine
dust, air pollution, and so forth,1,2 it is required to
develop environment‐friendly energy sources and effi-
cient energy storage systems (ESSs).2,3 Lithium‐ion
batteries (LIBs) gain great attention as one of the most
representative ESSs, owing to their high energy densi-
ties.4,5 Thus, their application is being enlarged from
small electronic devices to electric vehicles, and the
demands for LIBs are explosively increasing in the world.
Because of limited and concentrated Li sources on the
Earth, however, many people worry that a reliable supply
of Li sources to satisfy the increased demands of LIBs
would be gradually difficult in the near future, which
would result in a huge increase in LIB production cost.6–8

Thus, it is required to develop a low‐cost and reliable ESS
as an alternative to LIBs for large‐scale applications.9,10

Among various candidates, potassium‐ion batteries
(KIBs) have been considered as the promising alternative
to LIBs, owing to their cost merit by the usage of earth‐
abundant K resource and similar reactionmechanisms based
on alkali‐ions with LIBs. Moreover, it was known that the
redox potential of K+/K (−2.93V vs. standard hydrogen
electrode [SHE]) is similar to that of Li+/Li (−3.04V vs.
SHE), which implies that KIBs can have the merits of not
only low production cost but also high energy density.10–13

Thus, many research have focused on the development of
novel and outstanding electrode materials for KIBs, and
various cathode materials for KIBs have been reported, such
as polyanion compounds, Prussian blue analogs, and
layered‐type oxides.14–23 In particular, layered‐type transition
metal (TM) oxide materials “Kx[TM]O2” have great attention
because of their large gravimetric capacities.22,24 However,
de/intercalation of K+ ions with large ionic radius (∼1.38Å)
results in structural instability of the layered structure, which
leads to limitation of reversibly available capacities of
Kx[TM]O2.

23,25 In terms of P3‐tpye KxCrO2 (P3‐KCO), its
reversible capacity was just ∼100mAh g−1 in the voltage
range of 1.5–3.8 V (vs. K+/K), which is much smaller than
the theoretical capacity (∼217mAhg−1).23

Thus, we found that the key to increase the reversible
capacity of P3‐KCO under the KIB system is the enhance-
ment of the structural stability. In general, it was known
that partial substitution of metal ions in Kx[TM]O2 can
effectively enhance structural stability such as suppression

of irreversible multiple‐phase transitions. As reported in the
previous studies, the redox reaction of Ti3+/4+ does not
occur above 1.5 V (vs. K+/K).26,27 It implies that the
existence of Ti4+ in P3‐KCO does not participate in the
electrochemical reaction during K+ de/intercalation and
can play a role as the structural stabilizer to suppress the
local structural change affected by the redox reaction of
Cr3+/Cr4+. Because of larger valence state of Ti4+ than that
of Cr3+, however, too much substitution of Ti4+ (≥0.4mol)
in the P3‐KCO structure should accompany decrease of
total K+ contents for charge neutrality, and it also resulted
in a high decrease in the reversible capacity to less than
∼50mAh g−1.28 Thus, to stabilize the P3‐KCO structure and
enhance the electrochemical performances successfully, we
thought that it is important to determine appropriate
amounts of Ti‐substitution in P3‐KCO and to investigate
the reaction mechanism and the structural change during
K+ de/intercalation in detail.27,29

In this work, we demonstrated that P3‐type
K0.71[Cr0.75Ti0.25]O2 (P3‐KCTO) can exhibit highly increased
reversible capacity compared to P3‐KCO through combined
studies using first‐principle calculations and various electro-
chemical and structural experiments. With stable retention
of the P3‐type layered structure even after de/intercalation of
0.71molK+, P3‐KCTO delivered the specific capacity of
∼150mAhg−1 at the current density of 16mAg−1, and the
electrochemical behaviors were stabilized with no multiple
step in the charge/discharge profile. Moreover, even at
788mAg−1, the capacity was maintained up to ∼120mAh
g−1, corresponding to ∼81% of the capacity measured at
16mAg−1. The cycle performance of P3‐KCTO was also
outstanding, with a capacity retention of ∼73% for 300 cycles
at ∼158mAg−1. These electrochemical performances imply
the excellence of P3‐KCTO as the promising cathode
for KIBs.

2 | EXPERIMENTAL SECTION

2.1 | Preparation of NaCrO2 and
Na0.75[Cr0.75Ti0.25]O2

Before the preparation of KxCrO2 and KCTO using Na+/
K+ ion‐exchange process, NaCrO2 and Na0.75[Cr0.75Ti0.25]
O2 were synthesized via solid‐state method using Na2CO3

(purity: 99.5%), Cr2O3 (purity: 98.5%), and TiO4 (purity:
99.9%) as precursors. The precursors were mixed with the
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desired ratio using a planetary ball mill while 10 wt%
excess of Na2CO3 to compensate for the losses during the
calcinating process. The ball milling proceeded for 24
cycles with a 20min milling at 500 rpm followed
by a 10min rest. After mixing, each mixed powder
was pressed into a pellet and calcinated at 900°C for
10 h using an Ar gas flow (0.8 Lmin−1) tube furnace.
After synthesis, O3–type NaCrO2 and Na0.75[Cr0.75Ti0.25]
O2 were carbonized using pyromellitic acid (PA)
(C10H6O2:PA, purity: 96%) to improve the electronic
conductivity. Each bare powder was mixed with PA at
85:15 weight ratio and pressed to make each pellet. These
pellets were transferred to the Ar gas flow tube furnace
and heated for 30 min at 550°C.

2.2 | Na+/K+ ion‐exchange process for
Kx[Cr0.75+yTi0.25−y]O2

We prepared P3‐Kx[Cr0.75+yTi0.25−y]O2 via Na+/K+ ion‐
exchange process using electrochemical reaction under
K‐system because they are hard to synthesize directly via
the solid‐state method. Using prepared electrodes of
Na0.75+y[Cr0.75+yTi0.25−y]O2, K‐cells were assembled and
the charge/discharge was carried out in the voltage range
of 1.5–3.8 V (NaCrO2) or 1.5–4.0 V (others) for 100 cycles.
After cycling, these coin cells were disassembled in an
Ar‐filled glove box, and resultant electrodes were washed
with dimethyl carbonate over five times and then dried.

2.3 | Materials characterization

The crystal structure and information were analyzed using
X‐ray diffraction (XRD) (PANalytical Empyrean) with Mo
Kα radiation (λ=0.70930Å), and structural data were
collected over the 2θ range of 4.6°–34.3° with a step size of
under 0.01°. For XRD analyses, powder samples were
directly used, but electrode samples were sealed with
Kapton tape to prevent air and moisture contact. The
collected XRD patterns were converted to fit the Cu Kα
radiation (λ=1.54178Å). Rietveld refinement was per-
formed using FullProf software. The microstructure of each
sample was examined using field‐emission scanning
electron microscopy (FE‐SEM; JEOL JSM‐7600F; at the
Sungkyunkwan University) at an accelerating voltage of
15 kV and high‐resolution transmission electron micros-
copy (TEM; JEOL JEM‐F200; at the National Center for
Inter‐university Research Facilities [NCIRF] at Seoul
National University) at accelerating voltages of 80–120 kV.
The Cr K‐edge and Ti K‐edge X‐ray absorption spectroscopy
spectra were obtained at beamline 7D at the PAL using Cr
metal foils and Ti metal foils as references.

2.4 | Electrochemical characterization

To prepare the electrode, carbonized active material,
carbon nanotube, and polyvinylidene fluoride were
mixed in an 82.35:7.65:10 weight ratio with N‐methyl‐2‐
pyrrolidone, and the mixed slurry was applied onto Al
foil with 200 μm thickness and dried in a vacuum oven at
100°C. After drying, the mass loading of the active
material on the Al foil was ∼3 × 10−3 g cm−2

.

All electrochemical reactions were performed using
an automatic battery charge/discharge test system
(WBCS 3000; WonATech) under the same K‐system.
R2032‐type coin cell parts were used, and all coin cells
were assembled in an Ar‐filled glove box. To assemble
the coin cell, electrodes were punched into 10π‐mm
diameter disks, and Whatman GF/F glass fiber filter,
0.5M of KPF6 in a 1:1 vol/vol mixture of ethylene
carbonate, and diethyl carbonate and K‐metal were used
as the separator, electrolyte, and counter electrode,
respectively.

2.5 | Computational details

In this work, all calculations of density functional
theory (DFA) were processed using the Vienna ab initio
Simulation Package and projector‐augmented wave.
Moreover, we used the Perdew–Burke–Ernzerhof param-
etrization of the generalized gradient approximation
(GGA) for the exchange–correlation functional. The
supercell structure of KxCrO2 and Kx[Cr0.75Ti0.25]O2 was
2 × 2 × 1, and k‐point grid was 20 × 20 × 4. The GGA+U
method was adopted to address the localization of the d‐
orbital in Cr ions and Ti ions, with a U eff value of 3.7
and 1.5 eV, as used in previous studies.29,30 A kinetic
energy cutoff of 500 eV was used in all the calculations,
and all the structures were optimized until the force in
the unit cell converged to within 0.03 eV Å−1. Cluster‐
assisted statistical mechanics (CASM) software was used
to generate all the K+/vacancy configurations for each
composition, followed by full DFT calculations on a
maximum of 20 configurations with the lowest electro-
static energy for each composition used to obtain the
convex hull plot of Kx[Cr0.75Ti0.25]O2. Nudged elastic
band (NEB) calculations were performed to determine
the activation barrier for K+ diffusion in the
Kx[Cr0.75Ti0.25]O2 structure. To perform the calculations,
five intermediate images were generated between each K
site. These structures were then calculated using the NEB
algorithm with fixed lattice parameters and free internal
atomic positions. The table of contents figure, crystal
structure with NEB calculation results for K+ diffusion
pathways, and crystal structures based on the results of
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the cluster‐expansion method were drawn using VESTA
software.

3 | RESULTS AND DISCUSSION

P3‐KCTO was prepared through the ion‐exchange process
from O3‐Na0.75[Cr0.75Ti0.25]O2 (O3‐NCTO), since it is
difficult to directly synthesize P3‐KCTO as a pure P3‐type
layered structure by conventional solid‐state methods
(Figure S1). The electrode was fabricated using O3‐NCTO
for ion exchange, and TEM analysis revealed that there was
no significant change in the morphology of O3‐NCTO
particles before and after electrode fabrication (Figure S2).
Moreover, as a result of energy‐dispersive X‐ray spectros-
copy (EDS)‐based elemental mapping of TEM (Figure S3),
it was confirmed that Na, Cr, and Ti elements were
homogeneously distributed in the O3‐NCTO particle with
the following atomic ratio: Na:Cr:Ti = ∼0.75:∼0.75:∼0.25.
The detailed synthesis process of ion exchange is arranged
in Section 2. Through Rietveld refinement based on the
XRD pattern (Figure 1A), it was verified that P3‐KCTO was
successfully prepared without any impurities or second
phases. Its crystal structure was composed of pure
rhombohedral structure with R3m space group, and the
lattice parameters of a and c were ∼2.93357(13) and
∼19.0408(14) Å, respectively, which is clearly distinct from
the crystal structure of O3‐NCTO (Figure S4). The
low reliable factors (RP = 4.82%, RI = 6.20%, RF = 3.21%,
λ2 = 0.466%) indicate high accuracy of the Rietveld refine-
ment. The detailed structural information, such as atomic
position, isotropic parameter, and occupancy of P3‐KCTO
and O3‐NCTO, was tabulated and is presented in Tables S1
and S2. Based on the structural information from the
Rietveld refinement results, we also confirmed that the
stacking order of A‐B‐C‐A‐B‐C in O3‐NCTO (Figure S5)
had clearly changed to P3, likely A‐B‐B‐C‐C‐A (Figure 1B),
through an electrochemical ion‐exchange process. More-
over, it was verified that ∼0.71mol K+ exists in the P3‐
KCTO structure, which implies successful preparation of
P3‐KCTO. Using TEM and EDS‐based elemental mapping,
we also investigated the morphology and atomic ratio of P3‐
KCTO. As shown in Figure 1C, the average particle size of
P3‐KCTO was ∼600 nm, and K, Cr, and Ti elements were
homogeneously distributed in the particle with the follow-
ing atomic ratio: K:Cr:Ti = ∼0.71:∼0.75:∼0.25. The particle
size and morphology were confirmed through SEM analysis
(Figure S6). Moreover, the inductively coupled plasma
(ICP) results (Table S3) indicate that the atomic ratio of
K:Cr:Ti in P3‐KCTO was ∼0.71:∼0.75:∼0.25, and any Na
elements were not detected, which is well matched with the
TEM‐based EDS results. In addition, it was verified through
synchrotron‐based X‐ray absorption near‐edge structure

(XANES) analyses that the oxidation states of Cr and Ti in
P3‐KCTO are +3 and +4, respectively (Figure 1D,E).

To verify the enhanced electrochemical performances
by substitution of 0.25 mol Ti4+ ions in P3‐KCO, we
compared the charge/discharge curves of P3‐KCTO and
P3‐KCO at ∼16mA g−1. Whereas the discharge capacity
of P3‐KCO was just ∼118.8 mAh g−1, P3‐KCTO delivered
a discharge capacity of ∼147.9 mAh g−1 (Figure S7),
which is much larger than the other P3‐KCO with
substitution of above 0.4 mol Ti.28 Moreover, the charge/
discharge profile of P3‐KCTO was smooth and not
complex, which is clearly different from that of P3‐
KCO with multiple steps.31 In addition, in the case of P3‐
KCTO, the cathodic and anodic peaks were demon-
strated in the dQ/dV profile (Figure S8), which indicates
that during cycling, intercalation‐based reactions, but not
surface reactions, occur. This result implies that the
overall electrochemical behaviors of P3‐KCTO were more
stably occurring than those of P3‐KCO, which is due to
structural stabilization by Ti‐substitution in the struc-
ture. This structural stabilization can also result in the
highly enhanced power capability of P3‐KCO. As shown
in Figure 2A,B, P3‐KCTO exhibited a large specific
capacity of ∼119.4 mAh g−1 even at the current density of
788mA g−1, which corresponds to ∼81% of the capacity
measured at 16 mA g−1. Moreover, the outstanding
power capability of P3‐KCTO was confirmed through
further electrochemical tests using the high active
material loading mass (= ∼6 × 10−3 cm g−1) (Figure S9).
In terms of P3‐KCO, on the other hand, its capacity
retention at 788mA g−1 was just ∼56.3 mAh g−1, which
is less than ∼55.0% of the capacity at 16mA g−1

(Figure S10). Furthermore, P3‐KCTO showed an excel-
lent cycle life with a capacity retention of above ∼73%
after 300 cycles at 158mA g−1 (Figure 2C). To understand
the effects of 0.25 mol Ti4+‐substitution in P3‐KCO in
detail, we performed first‐principles calculation on P3‐
KCTO. Using CASM software,32 we prepared the K+/
vacancies configurations of O3‐ and P3‐Kx[Cr0.75Ti0.25]O2

compositions (0 ≤ x ≤ 1), and to increase the reliability of
the calculation, we considered 20 configurations for each
composition. Based on the prepared configurations, we
conducted first‐principles calculation using the cluster‐
expansion method to obtain the formation energy for
each configuration. By comparing the formation
energy of O3‐ and P3‐Kx[Cr0.75Ti0.25]O2 (x=0 and 1), it
was confirmed that P3‐K0[Cr0.75Ti0.25]O2 and O3‐
K1[Cr0.75Ti0.25]O2 are the most stable composition for each
K+ composition. Taking P3‐K0[Cr0.75Ti0.25]O2 and O3‐
K1[Cr0.75Ti0.25]O2 composition as references, the convex
hull plot for Kx[Cr0.75Ti0.25]O2 (0 ≤ x ≤ 1) (Figure 2D) was
described based on their relative formation energies
(Tables S4 and S5), allowing for easier visualization of not
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only the existence of stable intermediate phases between
the end compositions but also the energy difference
between two phases related to redox potentials, compared
to the original plot based on the real formation energies.
The relative formation energies used to describe the convex
hull plot were derived using the following equation:

E E

x E

xE

= (K [Cr Ti ]O )

−

(1 − ) (P3 ̵K [Cr Ti ]O )

+ (O3 ̵K [Cr Ti ]O )

2
.

xformation 0.75 0.25 2

0 0.75 0.25 2

1 0.75 0.25 2

(1)

And then, we predicted the theoretical redox
potentials of Kx[Cr0.75Ti0.25]O2 as a function of K
contents using the following equation:

V

E E

x x E K

x x F
= −

(K [Cr Ti ]O ) − (K [Cr Ti ]O )

− ( − ) [ ]

( − )
,

x x0.75 0.25 2 0.75 0.25 2

1 2

1 2

2 1

(2)

where V is the average redox potential between lowest
formation energy each of K x2[Cr0.75Ti0.25]O2 and
K x1[Cr0.75Ti0.25]O2, E[K] is formation energy of K

FIGURE 1 (A) Rietveld refinement of XRD pattern and (B) corresponding crystal structure of P3‐K0.71[Cr0.75Ti0.25]O2. (C) TEM–EDS
mapping of P3‐K0.71[Cr0.75Ti0.25]O2 electrode. Ex situ analyses of P3‐K0.71[Cr0.75Ti0.25]O2 on (D) Cr K‐edge XANES spectra and (E) Ti
K‐edge XANES spectra.
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metal, and F means the Faraday constant. These
results indicate that ∼0.7 mol K+ can be reversibly de/
intercalated at the structure of P3‐Kx[Cr0.75Ti0.25]O2 at
the available voltage range. Figure 2E shows that the
theoretical redox potentials of P3‐Kx[Cr0.75Ti0.25]O2 are
well matched with the experimentally measured
charge/discharge profile.

In addition, we compared the theoretical structural
changes of P3‐Kx[Cr0.75Ti0.25]O2 and P3‐KxCrO2 using first‐
principle calculation. As presented in Figure 3A,B, it was
verified that the theoretically predicted difference of
c‐lattice parameter between P3‐K0.17[Cr0.75Ti0.25]O2 and P3‐
K0.86[Cr0.75Ti0.25]O2 was just ∼0.42% whereas that between

P3‐K0.17CrO2 and P3‐K0.86CrO2 was larger than ∼3.19%.
Moreover, we confirmed that the difference of the average
Cr–O bonding distance in the CrO6 octahedra of P3‐
Kx[Cr0.75Ti0.25]O2 was only ∼0.05977Å (Figure 3C), which
is smaller than that in the CrO6 octahedra of P3‐KxCrO2

(∼0.08242Å) (Figure 3D). These results imply significantly
suppressed structural change of P3‐KCO by substitution of
0.25mol Ti4+ ions, which is also consistent with outstanding
electrochemical performances of P3‐KCTO. Moreover, we
calculated the theoretical activation barrier energy required
for K+ diffusion in the structure using first‐principles
calculation based on the NEB method. Figure 3E shows
the predicted motion of K+ diffusion in the structure, and it

FIGURE 2 (A) Charge/discharge profiles and (B) power capability of P3‐Kx[Cr0.75Ti0.25]O2 at various current densities. (C) Capacities
of charge/discharge and Coulombic efficiency of P3‐Kx[Cr0.75Ti0.25]O2 over 300 cycles at 158mA g−1. (D) Convex hull plot of O3‐ and
P3‐Kx[Cr0.75Ti0.25]O2 configurations (0 ≤ x ≤ 1). (E) Comparison of the calculated redox potential of P3‐Kx[Cr0.75Ti0.25]O2 and its
experimentally measured cycle curves at 16mA g−1.
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was verified that only ∼230.1meV was required for K+

diffusion in the structure (Figure 3F). This value is similar to
the theoretical activation barrier energy for Li+ diffusion in
LiCoO2,

33 which is the reason for the great power capability
of P3‐KCTO. Moreover, as the bond dissociation energy of
Ti–O (ΔHf

298K= 661.9 kJmol−1) is higher than that of Cr–O
(ΔHf

298K= 427 kJmol−1), the substitution of Ti4+ ions
facilitates strong bonding with neighboring oxygen atoms
within the Cr‐based layered structure.34,35 This strong
bonding helps to stabilize the overall structure, preventing
significant lattice distortions and structural degradation
during K+ de/intercalation processes. Furthermore, the
nonparticipation of Ti4+ ions in the electrochemical reactions

during charge and discharge cycles is a significant advan-
tage.36 This characteristic allows Ti4+ to act as a stabilizer,
preserving the structural integrity of the cathode material
and increasing cyclability. In addition, we compared its
electrochemical performances with those of other various
cathode materials of KIBs reported up to date. As shown in
Figure 4A,B and Table S6, it was clearly revealed that P3‐
KCTO exhibited larger energy density and better power
capability than other cathode materials, which means that
P3‐KCTO has great merits as a promising cathode for KIBs.

The structural change and redox reaction of P3‐
KCTO during charge/discharge were also investigated
through various experiments such as operando XRD, ex

FIGURE 3 The difference in the c lattice ([A] P3‐Kx[Cr0.75Ti0.25]O2 and (B) P3‐KxCrO2) and bonding length of CrO6 octahedral between
x= 0.17 and x= 0.65 ([C] P3‐Kx[Cr0.75Ti0.25]O2 and (D) P3‐KxCrO2). (E) Predicted K+ diffusion motion in P3‐Kx[Cr0.75Ti0.25]O2 and
(F) predicted activation barrier energy for K+ diffusion in the structure of P3‐Kx[Cr0.75Ti0.25]O2.
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situ extended X‐ray absorption fine structure (EXAFS),
and XANES. Figure 5A,B shows the operando XRD data
measured during K+ de/intercalation. It was verified that
(003) and (006) peaks were slightly shifted to a lower 2θ
angle during charging to 4.0 V (vs. K+/K), and (101),
(102̄), and (105) peaks were shifted to a higher 2θ angle
without significant phase transition. And then, the XRD
peaks were returned to their original state during
discharging to 1.5 V. Especially the intensities of the
XRD peaks were also well recovered without severe
structural degradation after charge/discharge. Moreover,
Rietveld refinement based on the operando XRD patterns

indicated that the total change of c‐lattice parameter of
P3‐KCTO during charge/discharge was only ∼3.09% even
though considerable amounts of K+ ions with large ionic
radius were de/intercalated at the structure (Figure 5C).
Furthermore, through synchrotron‐based ex situ EXAFS
analysis, we confirmed that the local structural environ-
ments of P3‐KCTO (Figure 6A,B), such as bond length of
Cr–O, Cr–(Cr/Ti), Ti–O, and Ti–(Ti/Cr), were almost
recovered even after charge/discharge, and total differ-
ence on the average length of Cr–O bond during charge/
discharge was just ∼4.26%. Through the TEM‐based
analyses (Figure S11), it was verified that the particle size

FIGURE 4 (A) Comparison of the
electrochemical properties among
P3‐Kx[Cr0.75Ti0.25]O2 and other cathode
materials for K‐ion batteries. (B) Ragone plot
of P3‐Kx[Cr0.75Ti0.25]O2 and other cathode
materials for KIBs (vs. K+/K).6,15–17,21–23,37–58
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of the as‐prepared P3‐KCTO with ∼600 nm was similar to
that of the cycled P3‐KCTO, and their particle shapes
were also similar to each other. Moreover, the well
retention of morphologies of P3‐KCTO without severe
degradation or cracking after one cycle and 300 cycles
was also confirmed through the SEM‐based analyses

(Figure S12). These results indicate that high structural
stability of P3‐KCTO enables outstanding cycle perform-
ance under the KIB system. In addition, we investigated
changes in oxidation states on Cr3+ and Ti4+ ions in
the structure using the ex situ XANES analyses
(Figure 6C,D). We verified that the Cr K‐edge was

FIGURE 5 (A) Operando XRD pattern of
Kx[Cr0.75Ti0.25]O2 and (B) expansion of main
peaks. (C) Changes in c lattice according to
the amount to charge and discharge in the
structure of Kx[Cr0.75Ti0.25]O2.

KO ET AL. | 9 of 13
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shifted toward high energy level during charge, and then
it was recovered to the original state, indicating Cr3+/4+

redox reaction. On the other hand, the Ti K‐edge was not
changed even after charge/discharge and redox reaction
of Ti4+ did not occur, which implies that existence of
appropriate amounts of Ti4+ ions with a fixed valence
state can successfully stabilize the P3‐type Cr‐based
layered structure and prevent the large structural change
that occurs during K+ de/intercalation. Moreover, the
redox reaction of P3‐KCTO was also confirmed through
comparison of the integrated spin moments predicted by
first‐principles calculation (Figure 6E,F). It was verified
that the total spin moments of the Cr ion on P3‐
Kx[Cr0.75Ti0.25]O2 decreased from 3 to 2, as the content of
K increases, indicating that the valence state of the Cr
ions in P3‐Kx[Cr0.75Ti0.25]O2 changed from +3 to +4. On
the other hand, the total spin moment of Ti ions in

P3‐Kx[Cr0.75Ti0.25]O2 remained almost 0 and showed no
significant variation with the increase in the amount of
K, which suggests that there was no redox reaction on Ti
ions during charge/discharge.

4 | CONCLUSION

In this study, we proposed P3‐KCTO as a high‐
performance cathode material for KIBs. The P3‐KCTO
cathode was prepared from Na0.75[Cr0.75Ti0.25]O2 via
electrochemical Na+/K+ ion‐exchange method. Com-
pared to the P3‐K0.69CrO2 cathode, the P3‐KCTO cathode
delivered superior K+ storage properties with reduced
structural stress. A combination study of first‐principles
calculations and various experiments revealed that the
substitution of 0.25 mol of Ti into Cr site lowers the

FIGURE 6 Ex situ (A) Cr K‐edge and (B) Ti K‐edge EXAFS spectra of Kx[Cr0.75Ti0.25]O2. Ex situ (C) Cr K‐edge and (D) Ti K‐edge
XANES spectra of Kx[Cr0.75Ti0.25]O2. The integrated spin moments of Kx[Cr0.75Ti0.25]O2: (E) Cr and (F) Ti.
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activation energy barrier for K+ diffusion as well as
improves the structural stability during charge/discharge
process. Based on the Cr3+/4+ redox reactions, the P3‐
KCTO cathode delivered a high discharge capacity of
147.9 mAh g−1 at 16mA g−1 in the voltage of 1.5–4.0 V.
At a high current density of 788mA g−1, the cathode
delivered excellent cycling stability with capacity reten-
tion of 81% over 300 cycles and fast charge/discharge
capability within 12min. We believe that the proposed
substitution strategy will provide new insights for
improving the electrochemical properties of the layered
structured cathode materials for KIBs.
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in the Supporting Information section at the end of this
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