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distortion of Mn3*. To address these challenges, herein, the Mg and Cu co-substitution strategy is proposed to
synthesize the P3-type Ko sMng gMgo.1Cug 102 (P3-KMMCO) as a cathode for KIBs. The presence of divalent Mg?*

and Cu?" in the crystal structure of P3-KMMCO play the critical functions in regulating the Jahn-Teller-active
Mn®*, thereby suppressing the complex phase transitions and improving the K* diffusion kinetics during
charging and discharging. As a result, the P3-KMMCO cathode demonstrates the high reversible capacity,
outstanding cycling stability and power capability. A combination study of synchrotron-based X-ray analysis and
first-principles calculations is used to validate the enhanced electrochemical K* storage properties of the P3-

KMMCO cathode.

1. Introduction

Lithium-ion batteries (LIBs) have become ubiquitous in energy
storage applications ranging from portable electronic devices to large-
scale energy storage systems, primarily due to their impressive energy
density [1-3]. Though it is demand-driven, the price of cobalt, which is a
key component in LIBs, remains vulnerable to supply, with approxi-
mately 60% of global cobalt mining occurring in the politically unstable
Democratic Republic of Congo [4]. Similarly, the uneven distributions
and scarcities of lithium and other key metals within Earth’s crust limit
the permanent availabilities of energy storage systems such as LIBs,
further escalating their costs [5]. In light of these concerns, numerous
researchers have explored alternative battery systems to LIBs, including
Na-ion batteries (NIBs), K-ion batteries (KIBs), Zn-ion batteries, and
lithium-sulfur batteries [6-11]. Among these alternatives, KIBs have
attracted considerable attention due to the abundance of K resources (Li:
0.0017 wt.% vs. K: 2.09 wt.%) and low standard reduction potential of
Kt/K (-2.936 V vs. the standard hydrogen electrode (SHE)). This
standard reduction potential is similar to that of LiT/Li (—3.04 V vs.
SHE) but lower than that of Na*/Na (—2.71 V vs. SHE), indicating the
potential of KIBs to exhibit high operation voltage and energy density
[12]. Compared to those of solvated Na* and Li* cations, the smaller size
and lower activation energies of desolvation of solvated K* ions facilitate
rapid ion transport through the electrode, significantly enhancing the
rate performances of KIBs [13]. Moreover, KIBs employ the same
“rocking chair” working mechanism as those of LIBs, where the K-ions
shuttle between the cathode and anode to generate energy [14]. This
similarity in their working mechanism may render KIBs more commer-
cially viable than other battery technologies that require more complex
or high-cost manufacturing processes.

The cathode is one of the most critical components of KIBs because it
determines the energy density, cycle life, and safety of the battery [15].
However, due to the large ionic radius of K" compared to that of Li*, the
cathode materials of KIBs generally undergo several structural de-
teriorations during charging and discharging, resulting in capacity loss
[16]. Therefore, identifying the proper cathode to enable stable K*
storage is necessary. Various cathode materials for KIBs, including
layered oxides, polyanion compounds, and Prussian blue analogs, have
been investigated. Among them, layered transition metal (TM) oxides
(KxTMO3; 0 < x < 1, TM = Mn, Co, Cr, V) have been extensively studied
due to their high theoretical capacities, simple synthetic processes, and
reasonable ion diffusivity [17-21]. In particular, Mn-based layered ox-
ides (KxMnOy) have been extensively investigated, but they face chal-
lenges such as rapid rate of capacity decay and limited power capability,
primarily owing to their structural instability. The Jahn-Teller distor-
tion of Mn" in Mn-based layered oxides is the main problem causing the
poor cycling performance. Mn within cathode materials generally exists
in a mixed-valence state of Mn>" and Mn**. In the layered oxides, Mn**
forms undistorted [MnOg] octahedra, thereby establishing stable crystal
structures, but the presence of high-spin Mn®', with an electron
configuration of (t%geé) in its 3d orbital, induces Jahn-Teller distortion.
The lone electron in the e, orbital can occupy the d. or d,»_,» orbital,
leading to the asymmetric elongation or compression of the octahedral
structure [22]. These geometric distortions with longer Mn-O axial
bonds generally reduce the structural stability due to the asymmetric

changes in the Mn-O bond lengths of the [MnOg] octahedra during
charge-discharge process, resulting in structural strain with anisotropic
volume changes. In addition, the dissolution of Mn?" into the electrolyte
leads to a decrease in the voltage and capacity of the battery [23].

Alongside the structural degradation caused by the Jahn-Teller
distortion, the multiple phase transitions during cycling also contribute
to the internal structural instability [24]. For example, K*/vacancy
ordering caused the complex phase transition, which is the main prob-
lem that degrades the electrochemical performances of Mn-based
layered oxide cathodes [25]. When K ions are extracted from the
structure during charging, the repulsive forces between 0%~ and 0 ions
significantly increase. To prevent the breakdown of the TM-O bonds,
therefore, the layered oxide structure in the TM layer glides in an
interplanar direction, leading to multiple phase transitions [26]. Ceder
et al. [17] reported that P3-Ko sMnO; undergoes complex phase transi-
tions such as P3-03-X (unknown phase), imposing a substantial strain
on the structure and resulting in the gradual degradation of the elec-
trochemical performance. To overcome the structural instability of
layered potassium manganese oxide, many works in enhancing the
electrochemical performance through the optimization of the composi-
tion via doping with various active and/or inactive metals has been
introduced [27-35].

Mg and Cu are promising candidates because of their similar ionic
radii. Mg?* (0.72 A) and Cu®* (0.73 A) are suitable substitutes for Mn>*
(0.64 A) within the TMO; slab, causing no significant change in the
crystal structure [36]. Introducing low oxidation state of Mg2+ and/or
Cu?" stabilizes the crystal structure with the substitution of Mn>*, which
can increase the average oxidation state of Mn to Mn**; this results in
the strong TM-O bonding interactions, eventually reducing the
Jahn-Teller stress effect of Mn-based layered oxide cathodes. Recently,
the effects of Mg and/or Cu substitution within layered manganese oxide
cathodes have been reported [27,31,37,38]. However, the fundamental
understandings of how the Mg and Cu co-substitution can improve the
electrochemical K* storage properties of Mn-based layered oxide cath-
odes by suppressing the Jahn-Teller distortion of Mn>" is still unclear.

In this study, we systematically investigated the effect of the Mg and
Cu co-substitution in the P3-KgsMnggMgp1Cug 102 (P3-KMMCO)
cathode by comparing with Mg and Cu mono-substituted cathodes. The
presence of Mg and Cu within the TMO3, slab plays the critical functions
to enhance the electrochemical properties of the P3-
Ko.5Mng gMgo.1Cug 102 cathode: 1) mitigating the Jahn-Teller stress ef-
fect by regulating the oxidation state of Mn to Mn>%>"; 2) improving
the structural stability by enhancing the TM-O bonding strength; 3)
enabling the fast K" diffusion kinetics by enlarging the K interslab dis-
tance. In details, incorporating Mg?" effectively mitigates K*/vacancy
ordering, increasing the cyclic performance [27,39,40] while cu?*, with
its half-filled ey orbital, increases electron delocalization, thereby
improving the power capability [31]. As a result, the P3-KMMCO
cathode demonstrates the excellent cycle retention and power capa-
bility with reversible phase transition of P3-0O3 during charge-discharge
process [17]. Theoretical and experimental studies were combined to
unravel the relationship between structural and electrochemical prop-
erties of the P3-KMMCO cathode during charge-discharge process.
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2. Results and discussion
2.1. Synthesis and characterizations

The KosMnOj,  KosMnggMgo.102,  KosMngoCup102, and
Ko.5sMng gMgp.1Cup 102 cathodes were synthesized using typical solid-
state reactions. ICP-OES analysis indicates that the stoichiometric
atomic ratios of the elements within each sample match those designed
(Table S1). The Rietveld refinement data determined using the X-ray
diffraction (XRD) patterns reveal that the samples are crystallized well
into P3-type layered structures with R3m symmetries, regardless of
mono- or co-substitution (Fig. 1a and 1b and Fig. S1). Hereafter, the
Ko.sMnOy, KosMng9Mgo.102, KosMng.9Cug 102, and KgsMnggMgo.1
Cug,104 samples are denoted P3-KMO, P3-KMMO, P3-KMCO, and P3-
KMMCO, respectively. When 0.2 mol of Mn is replaced by Mg or Cu
via mono-substitution, peaks representing impurity phases, such as MgO
or CuO, are observed in the XRD patterns (Fig. S2). Remarkably, how-
ever, Mg and Cu are successfully incorporated into the P3-KMO crystal
even after replacing 0.2 mol of Mn. This is because co-substitution with
Mg and Cu increases the entropy within the TMO, slab and thus de-
creases the formation energy, thereby leading to the formation of the P3
phase without impurities [41,42]. The detailed structural properties of
P3-KMO, P3-KMMO, P3-KMCO, and P3-KMMCO are summarized in
Table S2. As shown in Table S2 and Fig. S3, incorporating Mg and/or Cu
into the structure leads to shifts in the (003) planes of P3-KMMO,
P3-KMCO, and P3-KMMCO to higher angles, indicating decreases in c.
This can be explained based on the concept of cation potential, which
easily explicates the interslab distances of transition metal (TM) and
alkali metal (AM) slabs [43]. The ionic potential, which is determined by
the ionic radii and charges of the cations, is a factor in determining the
bonding strength between the TM and O ions. It reflects the cation po-
larization power, which can be defined as Zwin;/R;, where w; represents
the content of TM ions with charge number n and radius R. A higher
cationic potential indicates higher charge densities at the surfaces of the
TM ions, resulting in more covalent TM-O bonds. The co-substitution
with Mg?* and Cu®" introduces more Mn**, which exhibits a higher
oxidation state and smaller ionic radius than those of Mn®" (0.64 A for
Mn>*, 0.53 A for Mn**), increasing the cationic potential. Therefore, the
ionic potential increases with substitution of divalent metal ions, such as
Mg?" and Cu?*, enhancing the bonding strength between the TM and O
ions while weakening that between K and O. This leads to a decrease in
the TMO, slab distance and an increase in the KO4 slab distance [44].
Fig. lc illustrates the slab distance change upon the Mg and Cu
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co-substitution. As shown in Table S3, P3-KMMCO displays the lowest
TMO3 slab spacing and highest KO3 interslab distance compared to those
of the other samples. Moreover, by introducing two foreign metals (Mg
and Cu) with different ionic radii and chemical properties compared to
those of Mn, the degree of disorder within the TMO, slab increases,
resulting in a higher thermodynamic stability than those of other sam-
ples [45,46]. The enhanced structural stability of the TMO, slab with an
increased degree of disorder and a large KO, interslab distance can
supports the suppression of the structural stress of P3-KMMCO during
electrochemical K' de/intercalation. Scanning electron microscopy
(SEM) reveals that all samples exhibit plate-shaped particle morphol-
ogies, with particle sizes ranging from 1 to 3 pm, regardless of chemical
composition, suggesting that mono- and co-substitution do not signifi-
cantly affect the particle sizes and shapes of the samples (Fig. S4). To
obtain more information about the crystal structure, high-resolution
transmission electron microscopy (HR-TEM) analysis was performed.
Figs. S5a and 5b shows that the interplanar distances of 0.70 nm and
0.69 nm correspond to the (003) crystal planes of P3-KMO and
P3-KMMCO cathodes, respectively, which is consistent with the result
from Rietveld refinement (Table S2). Additionally, transmission electron
microscopy with energy dispersive X-ray analysis (TEM-EDS) confirms
the uniform distributions of K, Mn, Mg, and Cu within P3-KMMCO
(Fig. 1d). To study the average valence states of P3-KysMnOs
(P3-KMO) and P3-Kg sMng gMgp.1Cug.102 (P3-KMMCO), we conducted
XPS analysis. The Mn 2p spectra can be divided into two sets: the peaks
located at 641.9 eV and 653.3 eV are related to Mn®*, while the signals
centered at 643.2 eV and 654.6 eV are attributed to Mn** (Figs. S6a and
6b) [47]. In P3-KMO, the average oxidation state of Mn is 3.57. After the
partial substitution of Mg?" and Cu®" at the Mn site in P3-KMO, the
average Mn oxidation state increases from 3.5 to 3.875™ (Fig. S6¢). The
measured results are consistent with the calculation of the charge
compensation mechanism; the introduction of divalent Mg and Cu®*
increase the average Mn valence state in P3-KMMCO. This result in-
dicates that the Mn average valence state is regulated by the introduc-
tion of Mg and Cu in the P3-KMO cathode.

2.2. Electrochemical properties

Electrochemical measurements were conducted to validate the sta-
bilization of the crystal structure by regulating the oxidation state of Mn
via co-substitution with Mg and Cu. The electrochemical performances
of the prepared cathodes were evaluated in half cells with K metal as
their anodes in the voltage range of 1.5-3.9 V. Fig. 2a and 2b
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Fig. 1. Rietveld refinement of the XRD patterns of (a) P3-KMO and (b) P3-KMMCO cathodes. (c) Schematic of the crystal structure of the P3-KMMCO cathode. (d)
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Fig. 2. Galvanostatic charge-discharge curves of the 1st cycle of (a) P3-KMO and (b) P3-KMMCO cathodes at 10 mA g~ in the voltage range 1.5-3.9 V. (c) Cycling
performances of P3-KMO and P3-KMMCO at 100 mA g . Differential capacity curves of the (d) P3-KMO and (e) P3-KMMCO cathodes. (f) Rate capabilities of P3-
KMO and P3-KMMCO cathodes at various current densities from 50 to 2000 mA g~'. Galvanostatic charge-discharge curves of (g) P3-KMO and (h) P3-KMMCO

cathodes at various current densities.

respectively show the 1st charge-discharge voltage profiles of the P3-
KMO and P3-KMMCO cathodes at a current density of 10 mA g~ *.
Fig. S7 shows the 1st charge-discharge voltage profiles of the P3-KMMO
and P3-KMCO cathodes, respectively. The charge-discharge curves of
the P3-KMO cathode display several voltage plateaus and steps, which
reflect the multi-stage phase transformation occurring along with the
gliding of the TMO; slab [48]. Upon substitution at the Mn sites using 10
mol.% Mg or Cu, the P3-KMMO and P3-KMCO cathodes exhibit less
voltage steps than that of the P3-KMO cathode. Notably, the P3-KMMCO
cathode produces very smooth charge-discharge curves, indicating that
co-substitution with 10 mol.% Mg and Cu effectively suppresses the
K" /vacancy ordering and gliding of the TMO; slab. Although substitu-
tion with electrochemically inactive Mg and/or Cu decreases the 1st
discharge capacity (P3-KMO: 97.5 mAh g’l, P3-KMMO: 95.6 mAh g’l,
P3-KMCO: 92.1 mAh g™}, P3-KMMCO: 87.2 mAh g™ 1), the cycling sta-
bility can be significantly enhanced (Fig. 2¢c, Figs. S8 and S9). Notably,
the P3-KMMCO cathode displays an outstanding capacity retention of
90.1% compared to those of the other cathodes (P3-KMO: 59.8%,
P3-KMMO: 63.1%, and P3-KMCO: 51.2%) at 100 mA g~ ! after 100 cy-
cles. The differential capacity (dQ dV ') analysis shown in Fig. 2d and
2e and Fig. S10 reflects the different cycling behaviors of the P3-KMO
and P3-KMMCO cathodes, because the peak intensities and positions
of each electrode material reflect the reversibility of the redox processes.
Furthermore, observing the sharpness and positions of the peak aids in
understanding reaction kinetics and overall polarization—including
ohmic, activation, and concentration polarizations [49]. By analyzing
the intensity and peak positions during cycles, the extent of capacity loss
and changes in polarization can be evaluated. Upon multiple cycling, the
redox peaks of the P3-KMMCO cathode remain very stable and thus
indicate better reversible K* de/intercalation than P3-KMO cathode,
signifying the effective suppression of the K'/vacancy ordering and
gliding of the TMO-, slab (Fig. 2e and Fig. S10b). However, the redox

peaks of the P3-KMO cathode with large voltage polarizations are no
longer observed after the 100th cycle (Fig. 2d and Fig. S10a). To further
highlight the effectiveness of co-substitution with Mg and Cu in stabi-
lizing the crystal structure of the P3-KMMCO cathode, we compared the
electrochemical properties to those of the P3-KMO cathode within the
extended voltage range of 1.5-4.2 V (Fig. S11 and Fig. S12). The high
voltage study highlights the excellent electrochemical performance of
the P3-KMMCO cathode in K-cell. Remarkably, the P3-KMMCO cathode
exhibits remarkable improvements in electrochemical performance,
demonstrating a superior capacity retention of 77.6% after 100 cycles at
100 mA g~ ! (Fig. S13). A new prominent oxidation peak is observed at
approximately 4.1 V accompanied by the complete disappearance of the
corresponding reduction peak in the dQ dV~! curve of the P3-KMO
cathode (Fig. S14), which may be associated with the irreversible
phase transition occurring at high-voltage region over 3.9 V. In addition,
the P3-KMO cathode undergoes irreversible structural changes at
high-voltage region during K* de/intercalation, resulting in severe ca-
pacity fading (Fig. S15a). In contrast, co-substitution with Mg and Cu
results in an enhanced reversible redox reaction in the dQ dv! analysis,
even in the extended voltage range of 1.5-4.2 V, supporting the
noticeable enhancement in the cycling stability (Fig. S15b). Further-
more, the synergetic effect of Mg and Cu co-substitution enhances the
reversibility of the K' insertion/extraction reaction and diffusion ki-
netics. Power capability studies at various current densities (50-2000
mA g~ 1) clearly confirm the superior performance of the P3-KMMCO
cathode compared to those of the P3-KMO, P3-KMCO, and P3-KMMO
cathodes (Fig. 2f-h, Fig. S16, and Fig. S17). The P3-KMMO cathode
exhibits improved performances at relatively low rates, indicating that
Mg effectively stabilizes the structure, leading to a higher reversible
capacity than P3-KMCO. Additionally, P3-KMCO demonstrates better
power capability at rates above 200 mA g ! compared to P3-KMMO. The
hybrid orbitals of Cu and O, owing to the electronic configuration of
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Cu®* with its half-filled e, orbital, increase electron delocalization,
thereby improving the kinetics. The combination scenario of these in-
dividual effects significantly enhances the kinetics and thermal dynamic
stabilities; as a result, the P3-KMMCO cathode delivered 50% of its
initial capacity at 10 mA g™, even at extremely high current density of
2000 mA g~! in comparison with only 7% for the P3-KMO cathode.
Notably, P3-KMMCO demonstrate the superior capacity retention of
81.4 % after 100 cycles at 500 mA g~ !. (Fig. S18). The enhanced elec-
trochemical performance indicates that co-substitution with Mg and Cu
displays positive effects in terms of stabilizing the crystal structure and
increasing the K kinetics during K* de/intercalation.

To gain a better understanding of the enhanced K" kinetics, galva-
nostatic intermittent titration technique (GITT) and cyclic voltammetry
(CV) measurements were conducted for P3-KMO and P3-KMMCO
cathodes. The K diffusion coefficient (Dg:+) was determined using
GITT during initial cycle and calculated according to the following
equation [50]:

4 <anm>2(AES>2
Dy =—
at\ S AE,

where 7 is the duration of current pulse (s); ny, is the number of moles
(mol); Vy, is the molar volume of the cathode (cm® mol™1); S is the area
of the cathode (cm?); AE, is the voltage change in steady-state; and AE, is
the voltage change during the constant current pulse, excluding the iR
drop. The diffusion coefficients of K" (Dg+) for the P3-KMO and P3-
KMMCO cathodes were calculated during charging and discharging
during the first two cycles. The calculated Dg+ show that the P3-KMMCO
cathode exhibits a higher ion diffusivity, ranging from 5.01 x 10~° to
4.26 x 10712 cm? s7! with average compared to the P3-KMO cathode,
which ranges from 1.32 x 107° to 6.76 x 107! cm? s! as in the first
cycle (Figs. S19a and 19b). Notably, the Dg+ value of P3-KMO cathode at
the end of charge was only one-sixtieth that of the P3-KMMCO cathode,
indicating that the unfavorable phase transition in the high-voltage re-
gion led to sluggish K kinetics. Furthermore, in the second cycle, P3-
KMO exhibits notable fluctuations, while P3-KMMCO demonstrates
stable behavior (Figs. S19¢ and 19d). This result suggest that the Mg and
Cu substitution effectively suppressed irreversible phase transition in
the high volte region, enhancing the structural stability with K* ion
kinetics, resulting in superior rate capabilities.

The CV analysis of P3-KMO and P3-KMMCO cathodes was conducted
at various scan rate from 0.1 to 1.0 mV s~ in the voltage region of
1.5-3.9 V. The CV profiles reveal distinct pair of oxidation and reduction
peaks. As shown in Figs. S20a and 20b, both the peak currents and
overpotentials increase with the rising in scan rate. Notably, for the P3-
KMO cathode, the pairs of redox peaks gradually merge as the scan rate
increases, while the peak configuration of the P3-KMMCO cathode was
largely maintained, suggesting that the voltage polarization for the
KMMCO cathode is significantly lower than that of P3-KMO cathode.
The electrochemical diffusion (faradic) and non-diffusion (non-faradic)
kinetic behaviors of P3-KMO and P3-KMMCO cathodes were calculated
and compared using the following equation:

i=a

where i and v are the peak current (mA) and related scan rate (mV s’l),
respectively, and a and b are variables. For example, the calculated b
values describe the storage process [51]; if the value is 0.5, then it is
exclusively a diffusion-controlled process; if the value is 1.0, it implies a
capacity-controlled process. Based on the relationship between log
(i)-log(V) for different redox peak, the notable slope b values are 0.55
and 0.515 for P3-KMO and P3-KMMCO cathodes, respectively
(Fig. S20c). In addition, the contributions of diffusion-controlled and
capacitive-controlled processes to K' storage were quantitatively
measured using the following equation:

l(V) :klv + k2V1/2
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The first and second terms represent the capacitive- and diffusion-
controlled redox reactions, respectively [52]. Based on this, the capac-
itive- and diffusion-controlled contributions for both cathodes were
calculated (Figs. S20d and 20e). The overall diffusion contribution of
P3-KMMCO were higher than those of P3-KMO at scan rates ranging
from 0.1 mV s~! to 1 mV s™!. These results suggest that the reduced
voltage polarization, achieved through enhanced structural stability and
faster K ion kinetics through the Mg and Cu co-substitution strategy,
contributes to improved performance.

2.3. Charge compensation mechanism

Synchrotron-based ex situ X-ray absorption near-edge structure
(XANES) spectroscopy was used to examine the oxidation states of the
Mn and/or Cu atoms within the P3-KMO and P3-KMMCO cathodes
during their electrochemical reactions. Fig. S21 shows a comparison of
the Mn K-edge XANES spectra of the pristine (before cycling) and 1st
discharged, and 2nd charged states. MnyOz (Mn>") and MnO, (Mn*")
were used as reference samples to confirm the change in the Mn
oxidation state [48]. In the pristine state, the average oxidation state of
Mn within the P3-KMO cathode is an intermediate value between Mn>*
and Mn*" (Fig. 521a), whereas the Mn K-edge of the P3-KMMCO cath-
ode shifts to a higher energy level. The energy level of Mn within the
P3-KMMCO cathode is close to the Mn“0, reference energy region,
indicating that the Mn oxidation state increases after co-substitution
with Mg?* and Cu®" (Fig. 521b). In the 1st discharged state, the Mn
K-edges of the P3-KMO and P3-KMMCO cathodes shift to lower energy
levels, indicating decreases in the oxidation of their Mn species owing to
K' intercalation within their crystal structures. After the 2nd charge to
3.9V, the oxidation states of the Mn ions within both cathodes are close
to that of Mn*™, indicating their reversible Mn>*/Mn** redox reactions.
To further verify the possibility of the Cu®>*/Cu®* redox reaction, the Cu
K-edge of the P3-KMMCO cathode was measured (Fig. S21c). The
oxidation state of Cu within the KMMCO cathode in the pristine state is
close to the Cu®*0 reference energy region. No changes are observed in
the oxidation state of Cu within the P3-KMMCO cathode in the 1st dis-
charged and 2nd charged states. Additionally, to further investigate the
possibility of the Cu?>*/3* redox reaction for the P3-KMMCO, we con-
ducted ex situ XPS analysis. Fig. S22 shows the Cu 2p XPS spectra for the
pristine cathode before the electrochemical reaction initiation with
those for the 1st charged and discharged samples, respectively. The Cu
2pi1,2 and 2ps/» spectra of the samples are assigned at ~953 eV and
~932 eV with Cu?' satellite peaks, indicating that Cu exists Cu®*
oxidation state in the P3-KMMCO [53]. After the charge and discharge
process of the P3-KMMCO cathode material, no significant change in
binding energy is observed. All the results reveals that the Cu remains
electrochemically inactive in the P3-KMMCO cathode during the charge
and discharge process, which is well consistent with the XANES result
(Fig. S21c). XANES spectroscopy and ex situ XPS analysis reveals that
the Mn ions are only involved in the redox reactions of the P3-KMO and
P3-KMMCO cathodes, whereas Cu remains electrochemically inactive in
the P3-KMMCO cathode [54].

2.4. Structural evolution

Synchrotron in situ XRD was performed to validate the structural
evolution of the P3-KMO and P3-KMMCO cathodes in the voltage range
of 1.5-3.9 V at 10 mA g~ 1. The peak intensities of the XRD patterns are
shown as contour plots in Fig. 3a and 3b, along with the galvanostatic
charge-discharge curves during the first two cycles. During the charging
of both cathodes, the (003) and (006) peaks shift to lower angles due to
the increased electrostatic repulsion between the O? ions upon K*
deintercalation, whereas the (101) and (102) peaks shift to higher angles
due to the decrease in the ionic radius of Mn®** upon conversion to Mn**
[55]. As the increases to 3.7 V, the (101), (012), and (015) peaks of the
P3 phase decrease in intensity, accompanied by the emergence of a new
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Fig. 3. Contour plots of the in situ XRD data and charge-discharge curves of the
first two cycles of charge and discharge at 20 mA g~! in the voltage range of
1.5-3.9 V, as obtained via in situ XRD of (a) P3-KMO and (b) P3-
KMMCO cathodes.

peak at 20 = 41°, which corresponds to the (104) peak of the O3-type
structure. This phase transition from P3 to O3 is mainly due to the
gliding of the TMO; slab to inhibit the cleavage of the TM-O bonds, with
the K ions located at the edge-shared octahedral sites with ABCABC
oxygen packing. Upon further charging to 3.8 V, the (003) and (006)
peaks of the P3-KMMCO cathode exhibit consecutive motions (Fig. 3b).
In contrast, the P3-KMO cathode undergoes a discontinuous phase
transition, where new peaks associated with the “X” phase emerge at low
angles, with the sudden shift of the (003) and (006) peaks of the P3
phase (Fig. 3a). Similar to our result, Ceder et al. [17] reported an “X”
phase within the P3-Ky sMnO» cathode at 3.9 V, where the “X” phase
indicates rapid, violent structural changes, with sudden variations in the
peak positions. During discharging, the P3-KMMCO cathode exhibits a
reversible phase transition, such as O3 to P3, demonstrating the excel-
lent structural reversibility of the cathode. In contrast, the P3-KMO
cathode undergoes complex phase transitions, such as X-03-P3-P3,
during discharging. K* intercalation into the crystal structure at the end
of discharge, in particular, leads to the monoclinic P3’ phase, which is
characterized by the appearance of the (—201) peak at 34.5°. This ac-
tivates the Jahn-Teller stress effect of the structure, resulting in the
distortion of the regular diamond of the a-b plane into a rectangle with
different a and b values. Eventually, these complex phase transitions
decrease reversible K* de/intercalation, leading to the rapid capacity
fading of the P3-KMO cathode [48]. In situ XRD clearly shows that
co-substitution with Mg and Cu can enhance the TM-O bonding strength
and thus effectively suppress complex, irreversible phase transitions by
regulating the Jahn-Teller-active Mn>*.

2.5. Computational insights

The theoretical properties of K,[Mng gMgg 1Cug 1]02 during K* de/
intercalation were investigated using first-principles calculations based
on structural information obtained from Rietveld refinement. Various
K*/vacancy configurations within P3- and 03-K,[MnggMgg 1Cug 1102
(0 < x < 1) were plotted in the form of a convex-hull plot. The theo-
retical redox potentials are obtained from the lowest formation of each
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composition and the following equation:
V=

E[K., [Mno sMgo1Cuo1]O2] —E[Ky, [MngsMgo1Cuo 1] 02] — (x2—x1)E[K]
(g —x7)F

Where V is the average redox potential in the compositional range of
Ky [Mng gMgo.1Cup 1102 (1 < x< Xz), and E[Kx [Mno_gMnguo_l]Og} is
the most stable formation energy each K,[Mng gMgo 1Cug.1]102 configu-
ration. F and E[K] represent the Faraday constant and formation energy
of K metal, respectively. As shown in Fig. 4a, more than 0.5 mol of K*
ions can be reversibly extracted from/inserted into the P3-KMMCO
structure within the available voltage range. Furthermore, the calcula-
tion results suggest that the O3-phase in P3-KMMCO is thermodynam-
ically more stable than the P3-phase when the K content in the structure
decreases or below 0.25 mol. However, charging to a high voltage
beyond the available range is required for K extraction from
Ko.25[Mng gMgg.1Cug 1102, suggesting that full K™ deintercalation from
P3-KMMCO during charging for KIBs is challenging. Moreover,
comparing the theoretically predicted redox potentials of P3-KMMCO
and experimentally measured charge/discharge profile (Fig. 4b) in-
dicates a good match. Fig. 4d shows the calculated structural changes
within P3-KMMCO during K" de/intercalation. As the K content within
the structure decreases from 1 to 0.25 mol, the c-lattice parameter
gradually increases from 18.305 to 19.112 A, which is attributed to the
02%-0% repulsion [19]. Despite the phase transition from P3 to O3
occurring between a K content of 0.5 and 0.25 mol, the difference in the
c lattice parameters c¢ of the P3-K;[MnggMgy1Cug1]02 and
03-Kp.25[Mng gMgg.1Cug.1]102 phases is only ~4.2%. These calculated
results indicate that P3-KMMCO can deliver a stable cycle performance
owing to the small structural change during K de/intercalation
(Fig. 2¢). Moreover, as depicted in Fig. 4c, the predicted changes in the ¢
lattice parameter, reflecting the P3-O3 phase transition during charging,
closely match the results of operando XRD, where the (003) peak shifts
to lower 26 angles.

To verify the impact of Mg and Cu on the diffusion kinetics of K*
within the structure, as illustrated in Fig. 5a, we used the nudged elastic
band (NEB) method to establish the theoretical activation energy bar-
riers necessary for K™ diffusion within P3-KMO and P3-KMMCO [19,56].
As shown in Fig. 5b and 5c, the required activation barrier energies of
P3-KMO and P3-KMMCO are ~642.03 and ~521.78 meV, respectively.
These results suggest that P3-KMMCO facilitates K diffusion more
effectively near the MgOs and CuOe octahedra compared to P3-KMO,
which is attributed to the suppressed Jahn-Teller distortion of Mn>*
via simultaneous substitution with Mg and Cu within the structure.
Furthermore, to confirm the enhanced rate performance of P3-KMMCO
compared to that of P3-KMO, we compared the bandgap (E,) energies,
which indicate the electronic conductivity of the materials. As shown in
Fig. 5d and 5e, density of states (DOS) calculations were performed,
using the HSE06 hybrid functional in first-principles calculations. The
bandgap (Eg) energies of P3-KMO and P3-KMMCO are ~0.85 and ~0.43
eV, respectively, which suggests that P3-KMMCO displays an improved
electronic conduction compared to that of P3-KMO. In addition, the
delocalized electrons of Cu?* within P3-KMMCO suggest the potential
for faster charge transport, thereby enhancing the kinetics. Moreover,
the hybridization of the Cu?" 3d and O 2p electron spins forms strong
Cu-O covalent bonds, which reduce the thicknesses of the TMO, slabs,
resulting in an improved structural stability and enhanced kinetic
properties [57]. Thus, the predicted calculation results of the NEB and
DOS analyses indicate that co-substitution with Mg and Cu within the
structure can result in the more enhanced power capability of
P3-KMMCO for KIBs.

Furthermore, first-principles calculations confirmed that simulta-
neous substitution with Mg and Cu successfully suppresses the local
structural changes caused by Jahn-Teller distortion due to Mn>*. This
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the K content (0 < x < 1), predicted using first-principle calculation.

suppression reduces the effects of the difference in the Jahn-Teller
distortion of Mn3" within P3-KMO and P3-KMMCO on the bonding in-
teractions within the [MnOg] octahedra. As shown in Fig. 6a, the Mn-O
bond lengths of P3-KMO vary considerably, with a difference of
approximately 0.27 A between the Mn—-O; and Mn-O, bond lengths. In
contrast, the Mn-O bond lengths of P3-KMMCO are relatively similar
because of the suppression of the Jahn-Teller distortion of Mn>*. Fig. 6b
and 6c show plots of all predicted Mn-O bond lengths of P3-KMO and
P3-KMMCO, as determined using DFT calculations, as bond populations
for easy visualization. In the P3-KMMCO structure, the average Mn-O
bond length ranges from 1.9 to 2.0 A, displaying a narrower distribution
than that of the P3-KMO structure, indicating the suppression of the
Jahn-Teller distortion of Mn3*. Therefore, these results indicate that the
simultaneous substitution with Mg?" and Cu®* strengthens the TMO,
slab, suppressing the irreversible phase transitions and enhancing
structural stability, thereby leading to the superior electrochemical
performance of P3-KMMCO compared to that of P3-KMO.

3. Conclusion

In summary, we propose the co-substitution with Mg and Cu to
suppress the irreversible multiple phase transitions caused by the
Jahn-Teller distortion of Mn>*. The synergetic effect of Mg and Cu co-
substitution effectively suppressed Jahn-Teller distortion, leading to
an improved structural stability. As a result, the P3-KMMCO cathode
exhibited an outstanding cycling stability, with a capacity retention of
90.1% after 100 cycles at 100 mA g~'. Moreover, the P3-KMMCO
cathode displayed a superior cycling stability with a higher charge
cut-off voltage of 4.2 V, retaining 77.6% of its capacity at 100 mA g~ ".

Based on synchrotron in situ XRD, the P3-KMMCO cathode underwent
reversible P3-03 structural changes, and the multiple phase transitions
upon K* de/insertion in the voltage range of 1.5-3.9 V were suppressed.
Theoretical studies based on DFT calculations indicated that the
enhanced structural stability and cycling performance could be ascribed
to the suppressed Jahn-Teller distortion and rapid K-ion kinetics. We
believe that the results demonstrated herein offer potential in enhancing
the structural stabilities of the Mn-based layered oxides cathode for
advanced KIBs.

4. Experimental section
4.1. Material synthesis

The P3-type KosMnggMgp.1Cup 102 (P3-KMMCO) was prepared
using a simple solid-state reaction. For comparison, P3-type K sMnO,
(KMO), KosMnggMng 202, KosMnggCug 202, KosMngoCug.102 (P3-
KMCO), and Ko 5sMng gMgp 102 (P3-KMMO) were also synthesized using
the same approach. The starting materials, including potassium car-
bonate (K2CO3, 99% Aldrich), manganese oxide (MnzO3, 99% Aldrich),
magnesium oxide (MgO, 99% Aldrich), and copper oxide (CuO, 99.9%
Aldrich) were used in stoichiometric amounts. The precursor powders
were mixed thoroughly and ground using an agate mortar. Subse-
quently, the final powders were prepared by annealing at 850 °C for 15 h
in air at a heating rate of 5 °C/min. After cooling naturally to room
temperature, the resulting samples were transferred into and stored in
an Ar-filled glove box.
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4.2. Material characterization

The chemical compositions of the samples were confirmed via
inductively coupled plasma-optical emission spectroscopy (ICP-OES)
using an iCAP 7400 DUO (Thermo Fisher Scientific, Waltham, MA,
USA). The crystal structures and morphologies of the prepared powders
were identified via XRD using a diffractometer that employed Cu Ka
radiation (A = 1.54178 ;\) over the 26 range 10°-80°. The raw XRD data
were refined via the Rietveld process using the FullProf software
(Institut Laue-Langevin, Grenoble, France), and the structural models
derived from the refined data were constructed using the Visualization
for Electronic Structural Analysis software (Tohoku University, Sendai,
Japan). The microstructure of each sample was determined via scanning
electron microscopy (SEM) using a Verios G4 UC (Thermo Fisher Sci-
entific) and transmission electron microscopy (TEM) using a NEOARM
(JEOL, Tokyo, Japan), whereas mapping was performed using energy-
dispersive X-ray spectroscopy (EDS). X-ray photoelectron spectroscopy
(XPS) using a PHI5600 (PerkinElmer, USA) measurements were per-
formed. To investigate the structural evolution, the operando XRD pat-
terns were utilized, with in situ XRD conducted using an Empyrean
diffractometer (Malvern Panalytical, Malvern, UK) with Ko radiation.
Synchrotron X-ray spectroscopy (XAS) was conducted at the BL7D
beamline of the Pohang Light Source (Pohang, Republic of Korea). A
high energy of 2.5 GeV and current of approximately 200 mA were
employed to collect ex situ measurements of all recovered samples in
their pristine, charged, and discharged states.

4.3. Electrochemical measurements

The working electrode used in the electrochemical tests was pre-
pared by blending the active material, Super P (Alfar Aesar, USA), and
poly(vinylidene fluoride) (Solvay, Belgium) at a weight ratio of 80:10:10
with N-methyl-pyrrolidone (NMP) using a mortar and pestle. The
resulting slurry was coated onto an aluminum foil (Hoshen Corp., Japan)
to a thickness of 200 pm using doctor blade and dried for 6 h at 110 °C in
a vacuum oven. Subsequently, the dried electrode was roll pressed be-
tween stainless-steel twin rollers under a constant load of 3.5 kN and
punched into circular discs (14 mm in diameter). The average loading
mass of active materials on the electrode was 3.0-4.0 mg cm™2 The
assembled CR2032-type coin cell comprised the cathode electrodes and
K metal anode electrodes (16 mm in diameter) separated by a glass fiber
filter (Advantec, USA) in 0.5 M KPFg in ethylene carbonate/diethylene
carbonate (EC/DEC = 1:1 in volume. Galvanostatic electrochemical
charge-discharge were performed on half cells under a constant current
density at 30 °C in the voltage range of 1.5-3.9 V, and 1.5-4.2 V, (vs. K/
K"), where 1 C = 100 mA g™}, using a programmable battery tester
(WonATech, Seoul, Republic of Korea). The galvanostatic intermittent
titration technique (GITT) measurements were conducited during 2
cycles of the 0.1 C cycling, in the voltage range of 1.5-3.9 V with each 15
min pulse step, followed by a 1 h relaxation step.

4.4. Computational details

DFT calculations were performed using the Vienna ab initio simu-
lation package (VASP, University of Vienna, Vienna, Austria) [58].
Projector-augmented wave (PAW) pseudopotentials were used with a
plane-wave basis set, as implemented in VASP [59]. The
Perdew-Burke-Ernzerhof (PBE) parametrization of the generalized
gradient approximation (GGA) was used for the exchange-correlation
functional [60]. The GGA+U method [61] was adopted to address the
localization of the d-orbitals in Cu (U = 4.0 eV) and Mn (U = 3.9 eV), as
determined in a previous study [62]. In the DFT calculations, a 6x 6x 2
k-point grid was used to calculate 2 x 3 x 1 supercell structure of
P3-KMO and P3-KMMCO. Each calculation was performed with an en-
ergy cutoff of 500 eV, and each structure was optimized until the force in
the unit cell converged to within 0.03 eV A1, All K'/vacancy
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configurations of each composition were generated based on the cluster
expansion method using the cluster-assisted statistical mechanics
(CASM) software (University of Michigan, Ann Arbor, MI, USA) [63].
Additionally, the formation energies of the compositions of P3-KMMCO
were plotted in the form of a convex hull plot by performing full DFT
calculations for up to 20 configurations, with the lowest electrostatic
energy of each composition. The Heyd-Scuseria—Ernzerhof (HSE06)
hybrid functional was applied to calculate the pDOS (projected density
of states) of the Mg, Cu, and O ions [64]. Nudged elastic band (NEB)
calculations were performed to predict the activation barrier K™ diffu-
sion within the P3-KMO and P3-KMMCO structures [65]. The diffusion
pathways were carried out by generating five intermediate positions
based on the fully stable location of the K* ions. The lattice parameters
were fixed, whereas the atomic positions were allowed to be adjusted to
accurately determine the adequate intermediate ion positions during the
calculation process.
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