
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 8
:5

5:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Buckled-layer K1
aSchool of Materials Science and Engineerin

and Machining Technology (Ministry of

Composite and Functional Materials, Tian

E-mail: yunhua.xu@tju.edu.cn
bSchool of Sciences, Civil Aviation Univers

300300, Dongli District, P.R. China
cAeronautical Engineering Institute, Civil A

2898, Tianjin 300300, Dongli District, P.R.

† Electronic supplementary informa
https://doi.org/10.1039/d4sc06727d

Cite this: Chem. Sci., 2025, 16, 425

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th October 2024
Accepted 22nd November 2024

DOI: 10.1039/d4sc06727d

rsc.li/chemical-science

© 2025 The Author(s). Published by
.39Mn3O6: a novel cathode for
potassium-ion batteries†

Ang Li,ab Ziqi Wangc and Yunhua Xu *a

A novel buckled-layer K1.39Mn3O6 cathode was synthesized, featuring P2-oxygen stacking and P3-K sites.

The presence of two independent manganese sites significantly influences the charge distribution and

diffusion pathways of potassium ions during the charge and discharge processes, resulting in exceptional

electrochemical performance. A reversible capacity of 105 mA h g−1 at 100 mA g−1 and remarkable rate

capability of 70 mA h g−1 at 1 A g−1 were achieved, surpassing those of most previously reported layered

transition metal oxide cathodes. The findings facilitate the development of innovative cathode materials.
Introduction

Potassium-ion batteries (KIBs) are emerging as one of the most
promising energy storage systems, owing to their abundant raw
materials and the low redox potential of potassium.1–7

Currently, potassium storage is primarily limited by the
performance of cathodes. Signicant efforts have been dedi-
cated to the development and optimization of these cathodes.8,9

Among the various candidates, layered transition metal oxides
(KxMO2: 0 < x # 1; M = Mn, Co, Cr, etc.) have garnered
considerable attention due to their high theoretical capacity
and cost-effectiveness.10,11 However, they still face challenges,
including sluggish thermodynamic kinetics and signicant
volume changes caused by the large K+ radius (1.38 Å).

To address these challenges, modulating K+ content or
employing cationic/anion doping has proven to be an effective
strategy.12–14 Xiao et al. reported that a high K+ content in Kx-
Mn0.7Ni0.3O2 enhances interlayer K

+–K+ electrostatic repulsion,
thereby reducing the energy difference between K+ sites.15 Lin
et al. demonstrated that birnessite nanosheet arrays with high K
content (K0.77MnO2$0.23H2O) exhibit ultrahigh reversible
specic capacity.12 Chen et al. found that the [Mn–Cu–Mg]O6

octahedra in K0.5Mn0.8Cu0.1Mg0.1O2 can reduce Mn3+ content
and inhibit the Jahn–Teller effect by decreasing the redox
activity of the Mn3+/Mn4+ couple, thereby improving the cycling
stability of the layered transition metal oxide cathode.16
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However, most of these results primarily focus on composition
design, with limited attention given to structural modications.

It is well known that the coordination environment of cath-
odes affects the charge distribution and diffusion path of K ions
during the charge/discharge processes. The interior structure
design of the MO6 octahedra in KxMO2 can enhance electro-
chemical performance. Recently, a P2/P3 biphasic layered oxide
composite was reported for potassium-ion batteries, beneting
from the high energy density of the P3 phase and the long cycle
life of the P2 phase.17 In the P2 phase, the mirror-symmetric
structure (ABBA) of oxygen stacking allows K+ ions to pass
directly through two adjacent prismatic sites, resulting in
excellent cycle stability. In contrast to the two different types of
K sites (Ke and Kf) in the P2 phase, the K sites in the P3 phase are
crystallographically equivalent, with edge-sharing interactions
with MnO6 octahedra on one side and face-sharing interactions
on the other. The P3 phase, exhibiting reduced coulomb
repulsion, possesses a higher reversible capacity. Therefore, the
combination of P2-type oxygen stacking and P3-type K sites in
the layered oxide cathode facilitates improved electrochemical
performance.

Herein, buckled-layer K1.39Mn3O6 (BL-KMO) was synthesized
under the high pressure generated from the thermal decom-
position of the MOF precursor (Fig. 1). The different
Fig. 1 Schematic illustration of the synthesis of buckled-layer
K1.39Mn3O6.
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coordination environments of the edge-sharing Mn(1)O6 and
Mn(2)O6 octahedra in the BL-KMO cathode result in two inde-
pendent Mn sites with distinct octahedral environments. As
a result, BL-KMO demonstrates excellent electrochemical
performance, with a highly reversible capacity of 105 mA h g−1

at 100 mA g−1 and remarkable rate capability of 70 mA h g−1 at
1 A g−1, surpassing those of most previously reported KMO
cathodes (Table S1†). These ndings facilitate the development
of innovative cathode materials.

Experimental
Materials

Manganese(II) chloride tetrahydrate (MnCl2$4H2O), potassium
formate (HCOOK), formic acid (HCOOH), and methanol
(CH3OH) were all purchased from commercial suppliers—
Aladdin for the manganese compound, Acros for potassium
formate, and Tianjin Jiangtian Chemical Technology Co., Ltd
for both formic acid and methanol—and were used as received
without additional purication.

Synthesis of K[Mn(HCOO)3]. The K[Mn(HCOO)3] precursor
was prepared according to a previous report.18 A mixture was
prepared by combining 25 mL of a 25 mM solution of MnCl2-
$4H2O in methanol, 25 mL of a 20 mM solution of HCOOK in
methanol, and 5 mL of formic acid in a 100 mL glass vial. The
solution was then allowed to stand undisturbed at room
temperature for a period of 24 hours. Aer this time, crystals
formed and were subsequently collected, washed with meth-
anol, and air-dried.

Synthesis of BL-KMO. The K[Mn(HCOO)3] precursor was
loaded in a crucible and calcined in a tube furnace that was
calcined at 1000 °C for 10 min with a heating rate of 10 °C in air.
When it was cooled to 200 °C, the resulting product was
immediately transferred and stored in a glove box with Ar.

Material characterization

X-ray diffraction (XRD) data was acquired using a Rigaku Min-
iFlex 600 diffractometer operated at 20 kV and 5 mA with
a copper target X-ray tube. The morphology of the sample was
analysed using a JEOL JSM-7500F scanning electron microscope
(SEM). High-resolution transmission electron microscopy
(HRTEM), conducted on a JEOL JEM F200 instrument, was
employed to probe the structure of the sample. X-ray photo-
electron spectroscopy (XPS) measurement was conducted with
a PHI5000 Versaprobe system. Thermogravimetric analysis
(TGA) was carried out on a Rigaku TG-DTA 8121 analyser, with
the sample being heated from 25 to 900 °C at a rate of 10 °
C min−1 in air.

Electrochemical tests

The preparation of the working electrodes involved spreading
a mixture of BL-KMO, Ketjen black and polyvinylidene uoride
in a 7 : 2 : 1 weight ratio onto aluminum foil. CR2025 coin cells
were fabricated using potassium foil as the counter electrode,
2.5 M potassium bis(uorosulfonyl)imide triethyl phosphate as
the electrolyte, and a glass ber membrane as the separator in
426 | Chem. Sci., 2025, 16, 425–429
a glove box lled with highly pure argon gas (O2 and H2O: <0.1
ppm). Galvanostatic discharge/charge tests were performed in
a voltage range of 2.0–4.2 V (vs. K/K+) on Neware battery testing
equipment. Cyclic voltammetry (CV) measurements were con-
ducted with a Solartron 1470 Electrochemical Interface. Elec-
trochemical impedance spectroscopy (EIS) was conducted using
a Princeton VersaSTAT 4 workstation over a frequency range of
105–10−2 Hz with an AC amplitude of 5 mV.

Results and discussion

The KMn-MOF precursor was synthesized through a self-
assembly process using manganese chloride tetrahydrate
(MnCl2$4H2O), potassium formate (HCOOK), and formic acid
(HCOOH).18 The structure of KMn-MOF was characterized as
a highly distorted perovskite anionic framework, featuring
MnO6 octahedra interconnected by formate bridges, with K ions
located in the channels (Fig. S1†). The XRD pattern of the as-
synthesized KMn-MOF matches well with the simulated data,
indicating successful synthesis (Fig. S2†). The test conditions
for TGA reect the pyrolysis process of MOFs during the prep-
aration of BL-KMO. As depicted in Fig. S3,† a signicant weight
loss of 42.0% was observed between 250 and 410 °C, attributed
to the decomposition of KM-MOF and the subsequent forma-
tion of metal oxides. Theoretically, the organic components
should combust into CO2, resulting in a weight loss of 57.6%
according to theoretical calculations. Meanwhile, the formation
of metal oxides is expected to account for a 14.0% weight gain
due to the uptake of oxygen. The TGA results align well with
these theoretical values. Additionally, a minor weight loss of
3.0% between 700 and 800 °C is indicative of potassium subli-
mation, likely due to its low boiling point of 759 °C. Signicant
amounts of CO2 were released during this process, resulting in
a high pressure. This may lead to structural changes in the MOF
derivatives. Similar phenomena have been reported in the
literature.19

Previous reports indicate that layered KxMO2 can be rapidly
synthesized by heating KMn-MOF in a preheated tube furnace
at 1000 °C for 8 minutes.20 Taking into account the crystallinity
of the MOF-derived KxMO2 and its structural rearrangement,
the synthesis procedure for the derivatives in this work has been
improved to include calcination at 1000 °C for 10 minutes with
a heating rate of 10 °C min−1 in air. The buckled-layer crystal
structure was revealed by the XRD pattern (Fig. 2a), which aligns
well with previously reported results in the literature.19 Rietveld
renement indicates that K1.39Mn3O6 belongs to monoclinic
symmetry with a space group of C12/m1. The crystal structure of
the buckled-layer K1.39Mn3O6 (BL-KMO) is illustrated in Fig. 2b.
X-ray crystallographic analysis shows that Mn ions are classied
into two types: Mn(1) and Mn(2). The MnO6 layer is formed
along the b-axis through alternating connections of Mn(1)O6

and Mn(2)O6 octahedra, shared along the edges in the c-axis
direction. From a crystallographic perspective, the charge
ordering of Mn3+/Mn4+ results in two distinct Mn sites, as Mn3+

and Mn4+ inhabit different octahedral environments. Since
Mn3+ is a Jahn–Teller active ion with a larger radius than Mn4+,
Mn3+ and Mn4+ preferentially occupy the Mn(2) and Mn(1) sites,
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06727d


Fig. 2 (a) XRD pattern, (b) crystal structure, (c) high-resolution Mn 3s XPS spectrum, (d) SEM images, (e) STEM image of BL-KMO with corre-
sponding elemental mappings of K, Mn, and O and (f and g) TEM images of buckled-layer K1.39Mn3O6.
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respectively. These ndings are consistent with the proposed
arrangement of Mn3+ and Mn4+ in separate rows in birnessite
based on extended X-ray absorption ne structure (EXAFS)
analysis.21 Importantly, MO2 slabs are stacked along the c-axis
with closely packed oxygen in an ABBA array, while the K ions
are accommodated in prismatic sites within the interslab space
of the BL-KMO structure. Moreover, all K sites in BL-KMO are
crystallographically equivalent, edge-sharing with MnO6 octa-
hedra on one side and face-sharing with MnO6 octahedra on the
other. In addition to the buckled-layer structure, K1.39Mn3O6

exhibits characteristics of P2-type oxygen stacking sequences
and P3-type K sites in cathodes. The chemical characteristics of
BL-KMO were examined through XPS, as depicted in Fig. S4.†
The peak of Mn 3s can be deconvoluted into two peaks at
89.02 eV and 84.15 eV (Fig. 2c). The average oxidation state of
Mn (VMn) in BL-KMO can be evaluated from the energy sepa-
ration (DE3s), with VMn calculated to be 3.52, according to the
linear relation: VMn= 7.875− 0.893DE3s.22 Correspondingly, the
Mn 2p1/2 and Mn 2p3/2 peaks in the high-resolution Mn 2p
spectrum can be separated into two peaks of Mn3+ and Mn4+,23

with approximately equal integral areas (Fig. S5†). The K/Mn
atomic ratio was determined to be 0.46 for BL-KMO based on
inductively coupled plasma (ICP) measurements, which is very
close to the theoretical value. The morphologies and micro-
structures of BL-KMO were characterized by SEM and HRTEM.
As shown in the SEM images (Fig. 2d), the K1.39Mn3O6 crystal
particles exhibit random shapes and sizes. Uniform elemental
distributions of K, Mn, and O were observed across the entire
particle surface using scanning transmission electron micros-
copy (STEM) (Fig. 2e). The HRTEM images reveal a highly
crystalline structure with interlayer spacings of 7 Å, corre-
sponding to the (201) plane of K1.39Mn3O6 (Fig. 2f and g).

The electrochemical performance of BL-KMO was evaluated
within the voltage range of 2.0–4.2 V (vs. K/K+), using the
© 2025 The Author(s). Published by the Royal Society of Chemistry
electrolyte of 2.5 M potassium bis(uorosulfonyl)imide in trie-
thylphosphate. Cyclic voltammetry (CV) measurements were
conducted at a scan rate of 0.1 mV s−1, revealing ve distinct
redox couples corresponding to the reversible K+ insertion/
extraction coupled with the Mn3+/Mn4+ redox reaction
(Fig. 3a). Notably, the CV curves show excellent overlap aer the
rst cycle, indicating a good cycling stability. The galvanostatic
charge/discharge proles at a current density of 100 mA g−1 are
illustrated in Fig. 3b, where the rst charge and discharge
capacities of BL-KMO were found to be 89.6 mA h g−1 and
105 mA h g−1, respectively. Aer 100 cycles, the capacity
retention reached an impressive 91.3%, with average coulombic
efficiencies near 99% (Fig. 3c). Furthermore, even at a higher
current density of 500 mA g−1, BL-KMO maintained a capacity
of 70 mA h g−1 aer 100 cycles, achieving 99.2% capacity
retention (Fig. 3d). A good rate performance was demonstrated
by the BL-KMO cathode (Fig. 3e). BL-KMO delivered capacities
of 120, 105, 95, 87, 80, 77, 75, 73, 72, 71 and 70 mA h g−1 as the
current density increased from 50 mA g−1 to 100, 150, 200, 300,
400, 500, 600, 700, 800, and 1000 mA g−1, respectively. Impor-
tantly, when the current density was reduced back to 50 mA g−1,
the capacity recovered to 108 mA h g−1, reaffirming the excep-
tional performance of the buckled-layer transition metal oxide
cathode. The electrochemical impedance spectroscopy (EIS)
measurement of the BL-KMO cathode was conducted at the
open-circuit voltage state, and the data are presented in
Fig. S6.† The semicircle in the high-frequency region corre-
sponds to the charge-transfer resistance (Rct) at the electrode–
electrolyte interface, which reects the electrochemical kinetics.
The tting results reveal that Rct is 1752 U.

To further analyze the potassium storage behavior of the BL-
KMO cathode, CV measurements were conducted at various
sweep rates ranging from 0.1 to 2.1 mV s−1 (Fig. S7†). The
relationship between peak current (i) and the scanning rate (v)
Chem. Sci., 2025, 16, 425–429 | 427
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Fig. 3 Buckled-layer K1.39Mn3O6 cathode, (a) CV profiles at a scan rate of 0.1 mV s−1. (b) Galvanostatic charge–discharge profiles in 1st, 2nd, 3rd
and 4th cycles. (c) Cycle performances at a current density of 100 mA g−1 for 100 cycles. (d) Cycle performances at a current density of
500 mA g−1 for 100 cycles. (e) Rate capability. (f) Normalized capacitive-controlled capacities and diffusion-controlled capacities at different
scan rates.
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was assessed using a power law model (i = avb), where b is an
indicator of the type of charge storage. For BL-KMO, b is
approximately 0.6 (Fig. S8†), suggesting a combined mecha-
nism of diffusion and pseudocapacitive processes.24 The
contributions of surface pseudocapacitance and ion intercala-
tion to the overall capacity were quantitatively analyzed. Using
the equation i(V) = k1v1 + k2v

1/2, the charge storage was
Fig. 4 (a) Ex situ XRD patterns at different charge/discharge states at 50m
of the BL-KMO cathode.

428 | Chem. Sci., 2025, 16, 425–429
partitioned into surface capacitive-controlled (k1v1) and
diffusion-controlled (k2v

1/2) processes.25 The surface capacitive-
controlled capacities for BL-KMO at different scan rates are
summarized in Fig. 3f.

Ex situ XRDmeasurements were conducted to investigate the
structural evolution and K-storage mechanisms of BL-KMO
(Fig. 4a). Two characteristic peaks at (2 0 −1) and (4 0 −2)
A g−1. (b) Schematic diagram of the K-ion storage reactionmechanism

© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively located at 2q = 12.7° and 35.4° were observed. The
extraction of K ions can be categorized into two stages: depot-
assiation I and depotassiation II. During depotassiation I (from
open circuit voltage to 3.75 V), both the (2 0 −1) and (4 0 −2)
peaks shied to higher 2q values with noticeable peak splitting.
This suggests a phase transition from the original buckled-layer
structure to a P2 structure, while the oxygen stacking (ABBA)
remained unchanged throughout the charge/discharge process.
As charging progressed from 3.75 V to 4.2 V (depotassiation II),
the (2 0 −1) peak at 13.8° gradually shied towards lower
angles, attributed to increased repulsion among the negatively
chargedMnO2 slabs. Remarkably, during the discharge process,
the peak positions showed little variation, suggesting that
although this may represent an intermediate state, the BL-KMO
cathode maintained excellent electrochemical performance. A
schematic diagram illustrating the K-ion storage reaction
mechanism for the BL-KMO cathode is presented in Fig. 4b.

Conclusions

In summary, we leveraged the unique properties of a MOF
precursor to successfully synthesize a buckled-layer K1.39Mn3O6

cathode. The crystal structure analysis results reveal that the
charge ordering of Mn3+/Mn4+ leads to the formation of two
independent Mn sites due to the distinct octahedral environ-
ments surrounding Mn3+ and Mn4+, forming the buckled-layer
structure. Consequently, the buckled-layer K1.39Mn3O6

cathode exhibits exceptional electrochemical performance. Our
ndings provide a new design of cathode materials for energy
storage.
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