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yered oxide cathode with superior
full-cell performances for K-ion batteries†

Jang-Yeon Hwang, ‡a Jongsoon Kim, ‡b Tae-Yeon Yu,a Hun-Gi Jung, c

JaeKook Kim, d Kwang-Ho Kim e and Yang-Kook Sun *a

K-ion batteries (KIB) have attracted considerable attention as a potential alternative to Li-ion batteries because

of their low cost and high energy density. However, their development and durability have been severely

limited by the lack of suitable cathodes with high capacity and good cycle life. Here, we prepare a low-cost

Mn-based layered oxide, P2-type K0.75[Mn0.8Ni0.1Fe0.1]O2 (P2-K0.75MNFO2), via an electrochemical ion-

exchange process and demonstrate its excellent K storage performance as a cathode for KIBs. During the

charge–discharge process, P2-K0.75MNFO2 can release and store considerable amounts (�0.5 mol) of K+

ions without multiple phase transitions in the voltage range of 1.5–3.9 V (vs. K/K+), as verified by X-ray

diffraction characterization and first-principles calculations. Owing to its highly stable layered oxide

framework, P2-K0.75MNFO2 delivers a high reversible capacity of 110 mA h g�1 at 0.1C and exhibits an

outstanding cycle retention of 70% over 200 cycles at both 1C and 10C. In addition, a full cell with P2-

K0.75MNFO2 as the cathode and hard carbon as the anode demonstrates long-term cycling stability over

1000 cycles, illustrating the feasibility of a safe and practical KIB system.
Introduction

Recently, development of mid- to large-scale energy storage
systems has accelerated rapidly because of the strong need for
stable energy supplies and the aggressive promotion of electric
vehicle applications worldwide.1 To date, Li-ion batteries (LIBs)
have been successfully used as the main power supply for
applications ranging from portable electronics to grid-scale
energy storage devices, which are considered indispensable to
daily life.2 With the explosive growth of the LIB market,
however, the global reserves of lithium are anticipated to
become depleted in the near future; consequently, a sharp rise
in the production cost will be inevitable.3 Concerns
surrounding the scarcity of lithium resources have resulted in
development of new types of electrical energy storage systems.4,5

K-ion batteries (KIBs), which operate under a “rocking-chair” K
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storage mechanism similar to that of Li in LIBs, has been
emerging as an attractive alternative to LIBs considering the
abundance of K resources.6 In addition, potassium, the next
alkali metal aer sodium in the periodic table, provides a lower
reduction potential than sodium (K:�2.93 V, Na:�2.71 V vs. the
standard hydrogen electrode (SHE)), allowing higher energy
density for KIBs.7 In addition, it was found that K+ ions inter-
calate into carbonaceous anodes such as graphite and hard
carbon; accordingly, KIBs8–10 will also undoubtedly be cost-
effective and safe and have greater potential for practical
applications using the existing industrial system for LIBs.11–13

Hence, various electrode materials are being introduced.14–17

Layered transition metal oxides, P2- or P3-type KxMO2 (M ¼
transition metal), appear to be promising cathode materials for
KIBs. A few studies on P2- and P3-type materials showed
reversible K-ion storage performance;10,18–20 however, K+ ions
(1.38 Å) are larger than Li+ ions (0.76 Å) and Na+ ions (1.02 Å), so
irreversible multiple phase transitions are usually generated
during K-ion de/intercalation, resulting in poor rate capability
and severe capacity fading.7 Therefore, a rational structural
design of layered transition metal oxide materials is required to
facilitate the K-ion reaction kinetics and improve the durability
of KIBs. On the other hand, studies on K-ion full cells using K-
metal free anodes are still in their infancy; thus, their devel-
opment and sustainability that can compete with current LIBs
have been severely limited.

In this study, we developed a novel and low-cost Mn-based
layered oxide cathode material, P2-type K0.75[Mn0.8Ni0.1Fe0.1]
O2 (P2-K0.75MNFO2), that can deliver superior potassium
This journal is © The Royal Society of Chemistry 2019
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storage performance with smooth electrochemistry. On the
basis of the stoichiometry of sodium and transition metals,
recently, our group developed a P2-type Mn-rich layered oxide
cathode, Na0.55[Mn0.8Ni0.1Fe0.1]O2 (P2-Na0.55MNFO2), by
partially substituting Ni and Fe into theMn sites. A highly stable
layered oxide framework of P2-Na0.55MNFO2 enabled high
capacity and excellent cycling stability by suppressing the
structural transitions during multiple charge–discharge
processes. Inspired by previous ndings, we used P2-Na0.55-
MNFO2 as an efficient precursor for synthesizing a high-
performance Mn-rich based layered oxide cathode.21 By using
the electrochemical ion-exchange method,22 P2-K0.75MNFO2

was successfully synthesized from P2-Na0.55MNFO2, and its
electrochemical properties and reaction mechanism were
investigated through combined studies using rst-principles
calculations and various experiments. The key feature of the
proposed cathode is the presence of sufficient diffusion path-
ways for large K+ ions in the structure. P2-K0.75MNFO2 has large
two-dimensional K+ diffusion paths and thus undergoes little
structural change without the extent of multiple phase transi-
tions in the voltage range of 1.5–3.9 V (vs. K/K+). As a result, P2-
K0.75MNFO2 demonstrated a high specic capacity of
110 mA h g�1, outstanding cycling stability, and excellent power
capability. Notably, a proposed full cell with a P2-K0.75MNFO2

cathode and hard carbon anode integrated state-of-the-art
developments in KIB technology, delivering an extremely long
cycling performance over 1000 cycles that has not yet been re-
ported to the best of our knowledge.
Experimental
Synthesis of cathode materials: P2-Na0.55[Mn0.8Ni0.1Fe0.1]O2

and P2-K0.75[Mn0.8Ni0.1Fe0.1]O2

The P2-Na0.55[Mn0.8Ni0.1Fe0.1]O2 (P2-Na0.55MNFO2) cathode
material was prepared by a typical solid-state method. For the
solid-state reaction, stoichiometric amounts of sodium
carbonate, manganese(II) acetate tetrahydrate, nickel(II) acetate
tetrahydrate, and iron(II) acetate were mixed according to the
desired Na : Mn : Ni : Fe ratio (0.55 : 0.8 : 0.1 : 0.1). The mixed
powders were calcined at 950 �C for 12 h in an O2 atmosphere
and then quenched in an O2 atmosphere. The P2-K0.75[Mn0.8-
Ni0.1Fe0.1]O2 (P2-K0.75MNFO2) cathode was prepared via an
electrochemical ion-exchange process of P2-Na0.55MNFO2. The
P2-Na0.55MNFO2 was subjected to 20 cycles in a K metal|-
ethylene carbonate (EC)/diethylene carbonate (DEC) (1 : 1, v/v)|
P2- P2-Na0.55MNFO2 cell at a current rate of 0.1C (10 mA g�1) in
the voltage range of 1.5–3.9 V.
Material characterization

The morphologies of the powders were examined using scan-
ning electron microscopy (SEM; JSM-6340F, JEOL). Trans-
mission electronmicroscopy (TEM; JEM2010, JEOL) and energy-
dispersive X-ray spectroscopy (EDX) mappings were used to
determine the localized particle morphologies and conrm the
stoichiometry of the P2-Na0.55MNFO2 compound and P2-
K0.75MNFO2. Ex situ, in operando and powder X-ray diffraction
This journal is © The Royal Society of Chemistry 2019
(XRD) (Empyrean, Panalytical) using Cu Ka radiation was
employed to identify the crystalline phases of the materials.
XRD data were obtained in the 2q range of 10–80� at a step size
of 0.03�. To avoid exposure to air or moisture, we used a ketone-
sealed apparatus for the XRD measurements. The XRD data
were rened by the Rietveld method using FullProf soware. X-
ray photoelectron spectroscopy (XPS, PHI5600, PerkinElmer,
USA) measurements were performed in macro mode (3 mm � 3
mm). During XPS measurements, the samples were rst trans-
ferred into a hermetically sealed transfer chamber in a glovebox
and then transferred into the vacuum chamber of the XPS
machine, preventing exposure to air or water.

Electrochemical characterization

The cathodes were fabricated by blending the P2-Na0.55MNFO2

active mass (85 wt%), Super-P carbon black (10 wt%), and pol-
yvinylidene uoride (5 wt%). The resultant slurry was uniformly
pasted onto aluminum foil using the doctor blade method and
then carefully dried at 110 �C for 12 h under vacuum. The
loading of the active mass on the foils was approximately 3.0–
4.0 mg cm�2. Electrochemical characterization was performed
using 2032 coin half-cells. The electrolyte solution used in this
study was 0.5 M KPF6 in EC and DEC (1 : 1 v/v). The fabricated
cathodes and potassiummetal anodes were separated by a glass
ber (Advantec) to prevent short-circuiting. All the cells were
prepared in an Ar-lled dry box. A typical galvanostatic charge–
discharge test was performed in the range of 1.5–3.9 V vs. K/K+

for the half-cell, where 1C ¼ 100 mA g�1. The galvanostatic
intermittent titration technique (GITT) was applied at each
15 min charge (depotassiation)/discharge (potassiation) step,
followed by a 1 h relaxation step. The anode was fabricated by
blending the hard carbon active mass (80 wt%), Super-P carbon
black (10 wt%) and polyacrylic acid (dissolved in water)
(10 wt%). The resultant slurry was uniformly pasted onto Cu foil
using the doctor blade method and then carefully dried at 80 �C
for 12 h under vacuum. To remove irreversible capacity in the
rst cycle, the hard carbon anode was recycled in the voltage
range of 0.01–2.0 V for two cycles before the hard carbon/P2-
K0.75MNFO2 full cell was fabricated. Full cell balance was ach-
ieved by maintaining the capacity ratio of the anode to the
cathode (N/P ratio) at 1.2 : 1.

Theoretical calculation details

All the density functional theory calculations were performed
using the Vienna Ab initio Simulation Package (VASP).23 We used
projector-augmented wave pseudopotentials24 with a plane-
wave basis set as implemented in VASP. Perdew–Burke–Ern-
zerhof parametrization of the generalized gradient approxima-
tion (GGA) was used for the exchange–correlation functional.25

The GGA+Umethod26 was adopted to address the localization of
the d orbital in Mn, Fe, and Ni ions, with U values of 3.9, 4.0,
and 6.0 eV, which are used in the previous report.27 All calcu-
lations were performed with an energy cut-off of 500 eV until the
remaining force in the system converged to less than 0.05 eV
Å�1 per unit cell. The cluster-assisted statistical mechanics
(CASM) soware28 was used for the generation of all K/vacancy
J. Mater. Chem. A, 2019, 7, 21362–21370 | 21363
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Fig. 1 (a) Electrochemical ion exchange process in the first cycle: ex
situ XRD patterns of the NaxKyMNFO2 electrode in different states of
charge. (b) Galvanostatic charge–discharge profiles of the NaxKy-
MNFO2 electrode at the 1st, 5th, 10th, 15th and 20th cycle in the voltage
range of 1.5–3.9 V. (c) TEM image with EDX maps of P2-K0.75MNFO2.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
2 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 S

E
JO

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

9/
25

/2
01

9 
5:

28
:4

4 
A

M
. 

View Article Online
congurations for each composition and 30 congurations with
the lowest electrostatic energy for each composition were used
for DFT calculation. Nudged elastic band (NEB) calculations29

were performed to determine the activation barrier of K+ ion
diffusion in the P2-Kx[Mn0.8Ni0.1 Fe0.1]O2 structure. A unit cell
consisting of four formula units of P2-Kx[Mn0.8Ni0.1Fe0.1]O2 was
used, and one K+/vacancy arrangement was generated to model
the K+ ion diffusion. During the NEB calculation, all the struc-
tures were allowed to relax within the xed lattice parameters.

Results and discussion

In order to obtain a P2-type Kx[Mn0.8Ni0.1Fe0.1]O2 (P2-Kx-
MNFO2), we rst synthesized P2-type Na0.55[Mn0.8Ni0.1Fe0.1]O2

(P2-Na0.55MNFO2) as a precursor material via a typical solid-
state route. The obtained X-ray diffraction (XRD) patterns of
the material revealed a P2-type layered hexagonal structure with
P63/mmc symmetry, as shown in Fig. S1.†23 The atomic ratio of
Na : Mn : Ni : Fe ¼ 0.55 : 0.8 : 0.1 : 0.1 was conrmed by
inductively coupled plasma optical emission spectrometry (ICP-
OES) of the nal product (Table S1†). Transmission electron
microscopy (TEM) images of P2-Na0.55MNFO2 show hexagonal
micrometric particles with average diameters of 1–5 mm
(Fig. S2a†). TEM-EDX analyses further conrmed that the
atomic ratio of P2-Na0.55MNFO2 was Na : Mn : Ni : Fe ¼
0.55 : 0.8 : 0.1 : 0.1 (Fig. S2b†).

The electrochemical ion-exchange process was used to
transform the P2-Na0.55MNFO2 into P2-KxMNFO2 in a K met-
al|0.5 M KPF6 dissolved in ethylene carbonate (EC)/diethylene
carbonate (DEC) ¼ 1 : 1|P2-Na0.55MNFO2 cell in the voltage
range of 1.5–3.9 V (vs. K/K+) (Fig. S3†). During the rst des-
odiation process, �0.3 mol Na ions were extracted from the P2-
Na0.55MNFO2 structure, corresponding to an initial charge
capacity of�75mA h g�1. During the subsequent rst discharge
process (potassiation) to 1.5 V, K+ ions were progressively
intercalated into Na0.25MNFO2, and a discharge capacity of
�115 mA h g�1 was reached. Aer the rst desodiation process,
the (002) and (004) diffraction peaks of the sodium-based P2
(Na-P2) phases shied toward lower angles (Fig. 1a), in good
agreement with a previous report on a P2-type layered oxide
cathode.30 Aer intercalating the K ions into the structure, the
(002) and (004) diffraction peaks of the potassium-based P2 (K-
P2) phases are located at lower angles than Na-P2 phases,
indicating an increase in the c lattice parameter resulting from
intercalation of K ions, which are larger than Na ions, into the
structure. Aer discharge to 2.5 V, the intensity of the (002)
diffraction peak of the Na-P2 phase was greatly reduced, and the
(004), (100), (102), (103), and (104) peaks (Na-P2 phases) became
broader. On the other hand, intense new (002) and (004) peaks
in the K-P2 phase appeared around 14� and 28.2�, respectively.
In addition, new (100), (102), (103), and (104) peaks corre-
sponding to the K-P2 phase also appeared.31 These changes in
the peaks in the XRD patterns indicate the initial potassium
intercalation into the Na0.25MNFO2 structure with a Na/K
biphasic transition.20 Aer further discharging to 2.0 V, the
intensity of all the diffraction peaks in the K-P2 phase became
stronger. At the end of the discharge process (1.5 V), except for
21364 | J. Mater. Chem. A, 2019, 7, 21362–21370
the (002) peak at approximately 16.3�, the XRD peaks corre-
sponding to the Na-based P2-phase almost disappeared,
whereas the main K-based P2-phase became more pronounced.
The ex situ XRD data clearly shows that the main crystal struc-
ture of the material obviously changed from that of the Na-P2
phase to that of the K-P2 phase during the rst potassiation
process. To obtain the pure P2-phase KxMNFO2 compound,
a further ion-exchange process was conducted under the same
conditions. During several charge–discharge processes for 20
cycles (Fig. 1b), the galvanostatic charge–discharge voltage
proles changed continuously and the overpotential became
smaller; this may imply that the electrochemical Na+/K+ ion
exchange was nearly completed. As shown in a SEM image
(Fig. S4†), the particle shape of KxMNFO2 was maintained aer
the electrochemical ion-exchange process.

Elemental analyses by TEM-EDX mapping of P2-KxMNFO2

proved that the Na+ ions in Na0.25MNFO2 were obviously
exchanged for K+ ions (Fig. 1c). The measured atomic ratio of K,
Fe, Ni, and Mn in P2-KxMNFO2 was determined to be
0.75 : 0.8 : 0.1 : 0.1 (P2-K0.75MNFO2), in good agreement with
the ICP analysis result in Table S2.† The structure of P2-
K0.75MNFO2 was analyzed by Rietveld renement based on the
XRD pattern. As shown in Fig. 2a, it was veried that the lattice
parameters of P2-K0.75MNFO2 with the space group P63/mmc
were a ¼ 2.93780(9) Å and c ¼ 12.5301(1) Å. The detailed
structural information of P2-K0.75MNFO2, such as the atomic
positions, Biso, and occupancy, is given in Table S3.† The small
reliability factors (RP ¼ 5.76%, RI ¼ 4.37%, RF ¼ 8.81%, c2 ¼
4.04%) indicate the high accuracy of Rietveld renement data of
P2-K0.75MNFO2. Note that the atomic position of K+ ions in P2-
K0.75MNFO2 could be similar to that of Na+ ions in P2-Nax-
MNFO2. The bond valence sum (BVS) energy map of P2-
K0.75MNFO2 (Fig. 2b) revealed the large two-dimensional K+

diffusion paths between MO6 octahedra (M: Fe, Ni, Mn); this
property is highly advantageous for enhancing the cycling
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Refined XRD pattern of P2-K0.75MNFO2 (RP ¼ 5.76%, RI ¼
4.37%, RF ¼ 8.81%, c2 ¼ 4.04%; the XRD peaks associated with the air-
protective film and Al foil were excluded), and (b) BVS energy map of
P2-K0.75MNFO2 with possible K+ ion sites in the structure.

Fig. 3 (a) Formation energy of P2-KxMNFO2 (0 # x # 1), (b) GITT profile
structural change of P2-KxMNFO2 as a function of x content (0.25 # x #

This journal is © The Royal Society of Chemistry 2019
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stability and power capability when it accommodates a large
size K+ ion into its crystal structure.

To theoretically investigate the structural properties of P2-
K0.75MNFO2, we performed rst-principles calculations based
on the structural information obtained by Rietveld renement.
For the calculation, we considered the P2-phase structure with
an ABBA oxygen stacking sequence. Fig. 3a presents the
formation energies of P2-KxMNFO2 as a function of the K
content (0# x# 1). The computational results indicate that P2-
KxMNFO2 has sufficiently low formation energies to undergo
a single P2-phase reaction during (de)potassiation. The detailed
structural evolution of P2-KxMNFO2 was further investigated
using ex situ and in operando XRD analysis, as discussed later in
Fig. 4. On the basis of the formation energies, the approximate
voltage prole of the P2-KxMNFO2 cathode was determined
using the following equation:

V ¼ �E½Kx2MNFO2� � E½Kx1MNFO2� � ðx2 � x1ÞE½K�
ðx2 � x1ÞF (1)

where V is the average redox potential of the phase reaction
between Kx2MNFO2 and Kx1MNFO2, and E[KxMNFO2] is the
formation energy of the most stable conguration of KxMNFO2.
The predicted average redox potential of KxMNFO2 (0 # x # 1)
was determined to be�2.47 V (vs. K/K+). As shown in Fig. 3b, we
illustrated the predicted theoretical redox potential of P2-Kx-
MNFO2 (0 # x # 1) with the experimentally measured galva-
nostatic intermittent titration technique (GITT) prole in the
voltage range of 1.5–3.9 V (vs. K/K+). The result shows that the
calculated voltage prole is in good agreement with the
of P2-K0.75MNFO2 with its predicted redox potential, and (c) predicted
0.75).

J. Mater. Chem. A, 2019, 7, 21362–21370 | 21365
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Fig. 4 (a) Ex situ XRD patterns of P2-KxMNFO2 (0 # x # 1) with (b) the associated charge curve. Lattice parameters (c) a and (d) c from
experimentally calculated data and data predicted by first-principles calculations. (e) Contour maps in selected 2q ranges obtained from In
operando XRD patterns of P2-K0.75MNFO2 during the charge–discharge process in the voltage range of 1.5–3.9 V (K/K+).
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experimental voltage proles. In addition, it was veried that
�0.5 mol of K+ ions could be reversibly (de)intercalated into the
P2-KxMNFO2 structure in the voltage range of 1.5–3.9 V (vs. K/
K+), which corresponds to a capacity of �110 mA h g�1. Struc-
tural stability is a key requirement for obtaining reversible
behaviour, long cycle life, and power capability in intercalation
electrode materials for KIBs. Thus, the crystal structure changes
of P2-KxMNFO2 as a function of K+ content (x ¼ 0.25, 0.375, 0.5,
21366 | J. Mater. Chem. A, 2019, 7, 21362–21370
and 0.75) were further investigated using the theoretical and
experimental studies (Fig. 3c).

When K ions were extracted from P2-K0.75MNFO2 to P2-
K0.25MNFO2, the c lattice parameter increased monotonously
from �12.39 to �13.01 Å, respectively, because the c axis
expanded and the ab plane contracted, owing to increased
electrostatic repulsion between adjacent oxygen layers (O2�–
O2�).32 Even though a large amount of K+ ions (�0.5 mol) are
This journal is © The Royal Society of Chemistry 2019
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deintercalated from the crystal structure during charging, P2-
K0.75MNFO2 experienced small c lattice parameter changes of
�4.76%, indicating excellent structural stability. In order to
conrm the computational data, the structural changes of P2-
K0.75MNFO2 were examined using ex situ XRD measurement in
different states of charge (Fig. 4a and b). The lattice parameter
changes of P2-K0.75MNFO2 were calculated from the XRD data,
and the results are overlaid on the computational data in Fig. 4c
and d, indicating that the computed a and c lattice parameters
agree well with the experimentally measured results. To gain
more insight into the K storage behavior and changes in the
crystal structure of P2-K0.75MNFO2 during the initial charge–
discharge process, the structural evolution was further investi-
gated by in operando XRD analysis. Contour maps in selected 2q
ranges are shown in Fig. 4e. In the initial state of charge, all the
reections of KxMNFO2 could be assigned to a pure P2-type
layered phase.31 Upon charging, the (002)hex and (004)hex
diffraction lines shied toward lower angles, whereas the
(100)hex and (103)hex diffraction lines shied gradually toward
higher angles. The movement of all the diffraction peaks was
reversible upon discharge. Note that no additional diffraction
peaks beyond the P2-type structure were observed during the
charge–discharge process in the voltage range of 1.5–3.9 V (vs.
K/K+); namely, unlike the K-based P2-type layered oxides re-
ported to date,19,31,33 P2-K0.75MNFO2 undergoes a single phase
reaction in which�0.5 mol of K+ is extracted and inserted. Such
reversible structural evolution demonstrated the sustainable
and highly stable framework of P2-K0.75MNFO2. This observa-
tion using in operand XRD analysis was in good agreement with
Fig. 5 (a) Cycle life test of the K0.75MNFO2 cathode in a half-cell at rat
electrode and the electrode after 200 cycles at 10C. (c) Power capability

This journal is © The Royal Society of Chemistry 2019
the reversible K extraction–insertion behaviour in the ex situ
XRD patterns during the charge–discharge process for Kx-
MNFO2 in which x was varied between 0.25 and 0.75.

Cyclic voltammetry (CV) measurements of the P2-
K0.75MNFO2 cathode were initially performed to obtain the
general electrochemical response within the voltage range of
1.5–3.9 V (vs. K/K+) at a scan rate of 0.1 mV s�1. The CV plots in
Fig. S5† revealed a series of peaks associated with the electro-
chemical processes involved in the redox couples and phase
transformations during the entire charge–discharge process.
The overlapping of the CV curves during cycling demonstrates
good reversibility of K+ insertion/extraction. Upon cycling, Fe3+/
Fe4+ redox reaction peaks are also observed at approximately
2.7/2.4 V in the CV curves. The reversible anodic/cathodic peaks
at 3.85/3.7 V are attributable to the redox reaction of Ni2+/Ni3+.
The pair of peaks at low voltage �2.27 V (anodic scan)/1.6 and
2.05 V (cathodic scan) vs. K/K+ are related to the redox reactions
of Mn3+/Mn4+.19,34–37 The charge compensation of P2-
K0.75MNFO2 during charge–discharge was also investigated
using ex situ X-ray absorption near edge structure (XANES) and
X-ray photoelectron spectroscopy (XPS) measurements. For the
present K0.75MNFO2 material, the resulting binding energies
from the XANES spectra (Fig. S6†) were close to those of divalent
Ni and trivalent Fe, while the binding energy of Mn was an
intermediate value between those of trivalent (3+) and tetrava-
lent (4+) Mn. The average oxidation state of transition metal
elements such as Mn, Ni and Fe varies as the depotassiation
proceeds with Mn3+/4+ converting to Mn4+ and Ni2+ to Ni3+ and
Fe3+ to Fe4+ at the end of charge.38 As observed from in operando
es of 1C and 10C. (b) Ex situ XRD patterns of the pristine K0.75MNFO2

of the K0.75MNFO2 cathode at various current rates from 0.2C to 10C.
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https://doi.org/10.1039/c9ta07837a


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
2 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 S

E
JO

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

9/
25

/2
01

9 
5:

28
:4

4 
A

M
. 

View Article Online
XRD results, the original P2-type layer structure was recovered
at the end of discharge and thus the average oxidation states of
the transitionmetals are recovered to their original values in the
XANES spectra. The binding energy changes in the XPS spectra
(Fig. S7†) adequately conrm that �0.5 mol of K+ ions were
intercalated into/deintercalated from the P2-K0.75MNFO2

cathode through the Mn(3+/4+)/Mn4+, Ni2+/Ni3+ and Fe3+/Fe4+

redox reactions.39–45

On the other hand, looking back to Mn-rich cathode mate-
rials, the removal and restoration of the Jahn–Teller distortions
of Mn3+ during the charge–discharge process usually cause
large stresses on the structure,38 which are attributed mainly to
the preferred elongation of the Mn–O distance in one direction
in the octahedral environment in a highly occupied state with
alkali ions. On the basis of previous reports, we speculated that
dilution of the Mn3+ species in KxMnO2 compounds by partial
substitution of Fe and Ni at Mn sites could effectively eliminate
the cooperative effect of the Jahn–Teller ions.46,47 To compare
the effect of Jahn–Teller distortion resulting from Mn3+ ions,
the Mn–O bond lengths of P2-KxMNFO2 and P2-KxMnO2 were
investigated by rst-principles calculations. As shown in
Fig. S8,† the Mn01–O01 and Mn01–O06 bonds in P2-K0.75MnO2

are notably longer than the other bonds, whereas all the Mn–O
bonds in P2-K0.75MNFO2 have similar lengths. This result
implies that P2-K0.75MNFO2 may experience less irreversible
structural distortion than P2-Na0.75MnO2, which ultimately
leads to outstanding structural stability of P2-K0.75MNFO2
Fig. 6 (a) Schematic illustration of the K0.75MNFO2/hard carbon full cell.
cell at 0.2C (20 mA g�1) in the voltage range of 0.5–3.5 V and comparis
layered oxide cathodes and carbon anodes. (c) Charge–discharge voltag

21368 | J. Mater. Chem. A, 2019, 7, 21362–21370
during repeated cycling. In the previous literature, it was re-
ported that the Jahn–Teller distortion of Mn could affect the
structural stability and cause a particular type of Na/vacancy
ordering depending on the Na content of the NaxMnO2 struc-
ture, resulting in various steps in the voltage prole of Nax-
MnO2.48 Thus, we believed that the smooth voltage prole of P2-
K0.75MNFO2 could be affected to a weakening of Jahn–Teller
distortion of Mn by partial substitution of Fe and Ni.

As observed in the GITT curves in Fig. 3b, P2-K0.75MNFO2

delivered a high reversible capacity of 110 mA h g�1 at 0.1C
(10 mA g�1) in the voltage range of 1.5–3.9 V. Further, P2-
K0.75MNFO2 exhibited a smooth voltage prole without the
extent of multiple voltage steps in good agreement with the
predicted data by rst-principles calculation. Moreover, its
sloping charge–discharge curve could be attributed to reversible
structural evolution with a single-phase reaction during K+ (de)
intercalation. As veried by the highly stable K storage behav-
iour and changes in the crystal structure during the charge–
discharge process, P2-K0.75MNFO2 demonstrated an
outstanding cycle retention of �70% over 200 cycles at 1C
(Fig. 5a). Furthermore, to verify the power capability, we per-
formed charge–discharge tests of the P2-K0.75MNFO2 cathode at
various rates from 0.1C (10 mA g�1) to 10C (1000 mA g�1) in the
voltage range of 1.5–3.9 V (Fig. 5c). The P2-K0.75MNFO2 cathode
delivered a high reversible capacity of 62 mA h g�1 even at a rate
of 10C (full charge–discharge in 12 min). Moreover, the P2-
K0.75MNFO2 cathode delivered excellent cycling stability over
(b) Long-term cycling stability test of the hard carbon/K0.75MNFO2 full
on of specific capacity vs. cycle umber for the reported full cells using
e profiles of the hard carbon/K0.75MNFO2 full cell.

This journal is © The Royal Society of Chemistry 2019
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200 cycles at 10C (Fig. 5a) and retained its original crystal
structure well aer cycling (Fig. 5b); these data further
strengthen our conclusion that the electrochemical response of
the P2-K0.75MNFO2 cathode reects well the intrinsic structural
stability of its active mass.

Because K metal is much more reactive than Li and Na
metals, dendritic growth of K metal during repeated charge–
discharge processes may cause serious safety issues.49 Namely,
the practical applicability of cells that use K metal directly in
batteries cannot be guaranteed and thus development of K-ion
full cells using a K-metal free anode was imperative for practical
use in battery applications. Therefore, the K-ion full cell system
using hard carbon as an anode is a suitable choice for practical
use in battery applications because hard carbon can take up/
release the K+-ions during repeated cycling (Fig. S9†). Before
the full cell assembly, the hard carbon anode was pre-cycled
between 0.01 and 2.0 V (vs. K/K+) to remove the irreversible
capacity in the rst cycle (Fig. S10†). Fig. 6a schematically
illustrates the P2-K0.75MNFO2/hard carbon full cell. Fig. 6b
shows the results of a long-term cycling test at a current rate of
0.2C (20 mA g�1) in the voltage range of 0.5–3.5 V and
comparison of specic capacity vs. cycle number for the re-
ported full cells using layered oxide cathodes and carbon
anodes.9,11,12,26,43 The corresponding charge–discharge voltage
proles for the long-term cycling of the P2-K0.75MNFO2/hard
carbon full cell are shown in Fig. 6c. The full cell delivered
a high initial discharge capacity of 60 mA h g�1 and extremely
stable long-term cycling, with �60% capacity retention over
1000 cycles at 0.2C; to the best of our knowledge, the proposed
full cell integrates state-of-the-art developments in KIB tech-
nology for use in a battery delivering a longer cycling
Fig. 7 (a) Schematic of predicted K+ ion diffusion along the ab plane in
P2-K0.75MNFO2 and (b) predicted activation barrier for K+ ion diffusion
into the P2-K0.75MNFO2 structure.

This journal is © The Royal Society of Chemistry 2019
performance than any yet reported. Finally, to better under-
stand the excellent power capability of the P2-K0.75MNFO2

cathode observed in Fig. 5c, the diffusion pathways of K+ ions
and the activation barrier energy for K+ ion diffusion between K
sites in the ab plane were calculated using the nudged elastic
band method.29 As shown in Fig. 7a, K0.75MNFO2 has large two-
dimensional K+ ion diffusion pathways, which are highly
advantageous for transport of the large K+ ion during (de)
potassiation. The predicted activation barrier for K+ ion diffu-
sion in the P2-K0.75MNFO2 structure is only �580 meV (Fig. 7b).
The value is sufficiently low for facile K+ ion migration along the
two-dimensional ab plane; thus, it supports well our experi-
mental observation of the excellent power capability of P2-
K0.75MNFO2.
Conclusions

In summary, we synthesized P2-K0.75MNFO2 via an electro-
chemical ion-exchange route as a novel and low-cost Mn-based
layered oxide cathode material for advanced KIBs. The electro-
chemical ion-exchange method provides two striking advan-
tages for synthesizing K-based layered oxide cathode materials
compared to the typical synthesis method. (1) We can use Li- or
Na-based layered oxide compounds with relatively low sensi-
tivity to air, resulting in less structural deterioration during the
synthesis process. (2) It is also possible to use well-developed
numerous layered oxide compounds; hence, we can explore
and develop a variety of K-based layered oxide cathode mate-
rials. The overall electrochemical K storage mechanism of P2-
K0.75MNFO2 was investigated using rst-principles calculations
and various experiments. Owing to its highly stable layered
oxide framework, the P2-K0.75MNFO2 cathode experienced little
structural change and no extent of multiple phase transitions
during K+ ion (de)intercalation in the voltage range of 1.5–3.9 V
(vs. K/K+), resulting in outstanding electrochemical perfor-
mance. Specically, the P2-K0.75MNFO2 cathode delivered
a high reversible capacity of 110 mA h g�1 at 0.1C and exhibited
an outstanding cycle retention of 70% over 200 cycles at both 1C
and 10C. In addition, K0.75MNFO2 has large two-dimensional K+

ion diffusion pathways with a low activation barrier for K+ ion
diffusion (�580 meV) so it exhibited excellent power capability
up to 10C. A hard carbon/P2-K0.75MNFO2 full cell further
demonstrated impressive electrochemical performance, with
long-term cycling stability over 1000 cycles. Compared with
previously reported layered oxide cathode materials for KIBs
(Tables S4 and S5†), the presented potassium ion storage abil-
ities of the P2-KMNFO2 cathode showed a great competitiveness
in terms of cyclability and power capability. We believe that our
ndings offer new guidelines for developing promising cathode
materials that are inexpensive to produce and provide excellent
performance in KIBs.
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