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However, the large ionic size of K™ generally hinders the reversible intercalation and results in the
undesirable structural changes during charge-discharge process. Thus, it is very important to develop
stable cathode materials that accommodate K" into their crystal structure with minimal structural
changes. Here we propose P3-type Ko7o [CrogsSbo14]O2 as a potential cathode material for high-
performance KIBs. The P3-type K70 [CrogeSbo14]02 was successfully fabricated via electrochemical
Cathode material ion-exchange of Na*/K*. At a current density of 15 mA/g, P3—Kg 70 [CrogsSbo.14]02 delivered a reversible
Layered-type structure capacity of 126.1 mAh/g with a high coulombic efficiency of 98.7%, corresponding to the de/intercalation
Potassium-ion battery of 0.57 mol of K* ions from/into the structure. In addition, P3-type Kg 70 [CrogsSbo.14]02 showed excellent
First-principles calculation cycling stability over 200 cycles at a current density of 150 mA/g and power capability even at high
current rate of 750 mA/g. In contrast, P3-KyCrO, demonstrates inferior electrochemical properties; this
comparison implies that substitution of 0.14 mol Sb into Cr sites significantly improves structural sta-
bility with reversible Cr3*/4* redox reaction during charge-discharge process.

© 2023 Elsevier Ltd. All rights reserved.
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1. Introduction applications such as EVs, it is important to develop non-lithium-
based cost-effective rechargeable batteries [7,8].

As the energy storage systems for various electronic devices and Recently, potassium-ion batteries (KIBs) are one of the most
electric vehicles (EVs), lithium-ion batteries (LIBs) have been ach- promising alternatives to LIBs, owing to the earth-abundant po-
ieved great attention, and their demands are explosively increasing tassium resources. KIBs can offer a relatively high energy density
[1-3]. However, due to the limited reliability of lithium resources, compared to other cost-effective rechargeable batteries such as
there may be difficulties in smoothly producing lithium-ion bat- sodium-ion batteries and zinc-ion batteries, due to the lower redox

teries to meet worldwide demands, which could ultimately result potential of K*/K (—2.93 V vs. standard hydrogen electrode (SHE))
in high costs for LIBs in the near future [4—6]. Thus, for grid-scale compared to Na*/Na (—2.71 V vs. SHE) and Zn**/Zn (—0.76 vs. SHE)
[8—12]. Moreover, it is known that potassium ions (K*) can be
intercalated into the graphite structure [13]. This implies that
graphite, which is conventionally used as the anode material for
lithium-ion batteries (LIBs), can also be utilized as an anode ma-
. terial for potassium-ion batteries (KIBs). This connection allows for
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researches of cathodes and electrolytes for KIBs [ 16—18]. Especially,
various types of cathode materials have been reported, such as
transition metal oxides, polyanion compounds, Prussian blue ana-
logues, and etc [19—22].

Among them, it has been reported the layered-type potassium
transition metal oxides ‘K, [TM]O,’ (where TM stands for a transi-
tion metal) can have a large gravimetric capacity and energy den-
sity due to their low molar mass [23,24]. However, the large ionic
size of K* (~1.38 A) compared to that of Li* (~0.76 A) leads to the
significant structural changes during K* de/intercalation within the
structure [4,25,26]. Thus, Ky [TM]O, exhibited a smaller reversible
capacity during charge/discharge compared to its theoretical ca-
pacity, and its voltage profile was composed of multiple steps.
These characteristics are considered to be the major drawbacks of
Ky [TM]O; cathode materials. In terms of P3-type KyCrO; (P3—KCO),
its theoretical capacity is close to ~200 mAh/g, but as reported, its
actual discharge capacity was only ~100 mAh/g in the voltage range
of 1.5-3.8 V (vs. K™/K) accompanied by a multiple-step-based
charge/discharge curve [26]. To enhance the discharge capacity
and energy density, it is essential to improve the stability of the
layered structure to prevent the large and severe structural changes
during charge/discharge. It has been reported that the substitution
of metal ions with fixed valence states in the structure can play a
role as a structural stabilizer, resulting in successful improvements
in the structural stability and electrochemical performances of
layered-type oxide cathode materials [27—29].

Herein, we demonstrated that the substitution of 0.14 mol of
Sb>*+ with a fixed valence state during charge/discharge can suc-
cessfully enhance the electrochemical properties of P3—KCO under
the KIB system. Sb-substitution has been used for enhancing the
electrochemical performances of cathode materials. Particularly,
substitution of Sb>* with high electronegativity enables the strong
bonding with neighboring oxygen atoms. Moreover, Sb>* in the
cathode does not participate in the electrochemical reactions dur-
ing charge/discharge. Thus, we expected that Sb>* can acts as a
stabilizer by mitigating the structural changes associated with K*
de/intercalation at the structure [30,31]. Through combined studies
using first-principles calculations and electrochemical tests, it was
confirmed that ~0.53 mol of K* corresponding to the capacity of
~126 mAh/g can be reversibly de/intercalated in the P3—Kp70
[Cro86Sbo14]02 (P3—KCSO) structure in the voltage range of
1.5—4.1 V (vs. KT/K). In particular, the charge/discharge curve of
P3—KCSO was composed of simple, smooth curve without multiple
steps, which is clearly distinct from that of P3—KCO. Moreover, as a
promising cathode material for KIBs, P3—KCSO exhibited
outstanding power-capability and cycle-performances. Even at a
current density of 750 mA/g, the discharge capacity of P3—KCSO
was ~88.9 mAh/g corresponding to a capacity retention of ~71.1%
compared to the capacity measured at 15 mA/g, whereas P3—KCO
only delivered ~45.6 mAh/g under the same conditions. For 200
cycles at 150 mA/g, the specific capacity of P3—KCSO was retained
up to ~92.4% compared to the initial capacity. In addition, the
structural stability and reaction mechanism of P3—KCSO under the
KIB system were confirmed through operando X-ray diffraction
(XRD) and ex situ synchrotron-based X-ray absorption spectroscopy
(XAS) analyses.

2. Experimental
2.1. Preparation of NaCrO, and Nag 72Cro.865b0.1402

Before the ion-exchange process for P3—KCO and P3—KCSO,
NaCrO; and Nag7,CrogsSbp1402 were synthesized via the solid-

state method. Na,COs3 (purity: 99.5%), Cr,03 (purity: 98.5%) and
CrSbO4 were used as precursors and mixed with desired ratio using
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a planetary ball-mill for 500 rpm for 12 h, with 10 wt % excess of
Na,CO3 to compensate for losses during calcination process. After
mixing, we made pellets using the mixed powders and calcined
them at 900 °C for 10 h using an Ar gas flowed (0.8 L/min) tube
furnace.

After synthesis, 03—NaCrO; and Nag72CrggsSbo1402 were
carbonized using pyromellitic acid (CioHgO2: PA, purity: 96%) to
improve the electrical conductivity and provide the buffer to pre-
vent the large structural change during charge/discharge. Mixed
each bare powders and PA pressed to make each pellet, and these
pellets were transferred to Ar gas flowed tube furnace and heated
for 30 min at 550 °C. The weight ratio of cathode: carbon in the
carbon-coated cathodes is 85: 15.

In this synthesis system, we used CrSbOy4 as a precursor instead
of antimony oxide. If antimony oxide is used instead of CrSbOy,
antimony is not doped and reacts separately with sodium, because
the reactivity of chromium oxide is low. To prepare CrSbOg4, a
mixture of Cry03 and Sb04 (Sb(III) + Sb(V)) was used, with Sb,04
obtained by heat treating Sb,03 (purity: 99.5%) at 550 °C for 10 h in
air. The Cr03 and Sb,04 were mixed in a 1:1 M ratio using high-
energy ball-milling at 400 rpm for 12 h, followed by heating at
600 °C for 3 h and 1050 °C for 10 h in air.

2.2. Na'/K" ion-exchange process

We prepared P3—KCO and P3—KCSO through a Na'/K" ion-
exchange process using electrochemical reactions under the K-
system since they are difficult to synthesize directly via a solid-state
method. Electrodes of 03—NaCrO; and Nag72CrggeSbo1402 were
prepared and assembled into K-cell, and charged/discharged within
a voltage range of 15-3.8 V (NaCrO;) or 15-41 V
(Nag,72Cro 86Sbo.1402) for 100 cycles at 300 mA/g. After cycling, the
coin cells were disassembled in an Ar-filled glove box, and the
resulting electrodes were washed with dimethyl carbonate (DMC)
five times and then dried.

2.3. Materials characterization

The crystal structure and information were analyzed using X-ray
diffraction (XRD) with Mo K radiation (A = 0.70930 A) on a PAN-
alytical Empyrean instrument. Structural data were collected over
the 20 range of 4.6°—34.3° with a step size of less than 0.01°. For
XRD analysis powder samples were directly used, but electrode
samples were sealed with Kapton tape to prevent air and moisture
contact. The collected XRD patterns were converted to fit the Cu Ko
radiation (A = 1.54178 A). Rietveld refinement was performed using
FullProf software. High-resolution transmission electron micro-
scopy (HR-TEM; JEM-F200 at the National Center for Inter-
university Research Facilities (NCIRF) at Seoul National Univer-
sity) was performed at accelerating voltages of 80—120 kV. The Cr
K-edge X-ray absorption spectroscopy (XAS) spectra was obtained
at beamline 7D at the PAL using Cr metal foils as references.

2.4. Electrochemical characterization

To preparation of electrode, carbon-coated cathode, Super-P and
polyvinylidene fluoride (PVDF) were mixed in an 82.35 : 7.65: 10 wt
ratio with N-methyl-2-pyrrolidone (NMP), and the mixed slurry
was applied onto Al foil with 200 pm thickness, and dried in a
vacuum oven at 100 °C. After dried, the mass loading of the active
material on the Al foil was ~3 x 102 g/cm?. The total weight ratio of
cathode (in coated powder): coated carbon (in coated
powder) + Super-P: PVDF in the electrode is as follows; 70
(82.35 x 0.85): 20 (82.35 x 0.15 + 7.65): 10.
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All electrochemical reaction were performed using an automatic
battery charge/discharge test system (WBCS 3000, WonATech)
under same K-system. R2032-type coin cell parts were used, and all
coin cells were assembled in Ar-filled glove box. To assemble the
coin cell, electrodes were punched into 10T-mm diameter disks,
and Whatman GF/F glass fiber filter, 0.5 M of KPFg in a 1:1 v/v
mixture of ethylene carbonate (EC), and diethyl carbonate (DEC),
and K-metal were used as the separator, electrolyte and counter
electrode respectively.

2.5. Computational details

The density functional theory calculations in this work were
performed using the Vienna Ab initio Simulation Package (VASP)
and projector-augmented wave (PAW) method. For the exchange
correlation functional, we utilized the Perdew—Burke—Ernzerhof
(PBE) parametrization of the generalized gradient approximation
(GGA). The supercell structure of K,CrggeSbo1402 was set as
2 x 2 x 1, and a k-point grid of 5 x 5 x 2 was used. The GGA + U
method was adopted to address the localization of the d-orbital in
Cr ions, with a U eff value of 3.7 eV as used in previous studies
[5,28,32]. A kinetic energy cutoff of 500 eV was used in all the
calculations, and all the structures were optimized until the force in
the unit cell converged to within 0.03 eV ‘A~!. CASM software was
used to generate all the K'*/vacancy configurations for each
composition, followed by full DFT calculations on a maximum of 20
configurations with the lowest electrostatic energy for each
composition used to obtain the convex-hull plot of KyCrg 86Sbp 1402.

3. Results and discussion

P3—K0.70 [Cr0.865b0.14]02 (P3—KCSO) and P3-type KxCrO2
(P3—KCO) were prepared through an Na*/K" ion-exchange process
using electrochemical reactions under the K-system, since they are
difficult to synthesize directly via a solid-state method. Electrodes
of 0O3-type NaCrO, (03—NCO) and Nag7; [CrogsSbo14]02
(0O3—NCSO) were prepared and assembled into K-cells, and
charged/discharged within a voltage range of 15-38 V
(03—NaCr02) or .5-41V (O3—N80.72 [Cr0.355b0‘14]02) for 100 Cy-
cles at 300 mA/g. After cycling, the coin cells were disassembled in
an Ar-filled glove box, and the resultant electrodes were washed
with dimethyl carbonate (DMC) five times and then dried. To
investigate the structural information of P3—KCSO, we performed
Rietveld refinement based on the XRD pattern. As shown in Fig. 1a,
it was verified that P3—KCSO is composed of the pure P3-type
layered structure with R3m space group, which is clearly different
from the crystal structure of 03—NCSO (Fig. S1 Table S1). The lattice
parameters of a and ¢ of P3—KCSO were ~2.9423 (2) A and 18.606
(3) A, respectively. The low values of the reliable factors (Rp = 3.44%,
R = 5.07%, Rp = 5.44%, > = 2.73%) indicate the high accuracy of the
Rietveld refinement on P3—KCSO. The detail structural information,
such as atomic positions, isotropic parameters, and occupancies of
K, Cr, Sb and O, are tabulated in Table S2. Moreover, as the results of
Rietveld refinement, it was verified that ~0.70 mol of K* exists in
the structure of P3—KCSO, which was consistent with the induc-
tively coupled plasma (ICP) results (Table S3). These results imply
that the atomic ratio of K: Cr: Sb in P3—KCSO was ~0.70 : 0.86:
~0.14, and no Na elements were detected. Since Sb cation has higher
valence states of +5 than Cr cation with the valence states of +3,
the K* contents in P3-Ky [CroggSbo14]02 should be no more than
0.72 mol for the charge neutrality. Thus, 0.7 mol K* contents can
exist in P3—Kp 7 [CrggsSbo.14]02 after 0.14 mol Sb-substitution. To
prepare the P3—KCSO without residual Na contents in the structure
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Fig. 1. (a) Rietveld refinement of the XRD pattern of P3—Kg70Cro8sSbo1402. (b) TEM
image and TEM—EDS mapping of the P3—Kg70CrogsSbo1402. (c) Cr K-edge of
03—Nag.72Cro.86Sb0.1402 and P3—Kp 70Cro g6Sbo 1402 electrodes.

through the electrochemical ion-exchange process, many times of
charge/discharge cycling should be required. As shown in Fig. S2, it
was verified that the O3-type phase was gradually disappeared
during cycles and the P3-type phase was simultaneously formed,
which implies the occurrence of ion-exchange process from
03—NCSO to P3—KCSO. After 100 cycles, the O3-type phase was
perfectly transformed into the P3-type phase, indicating that 100
cycles under the KIB system should be required to prepare the
P3—KCSO. In addition, we compared the elemental ratio of pristine
and 50-cycled sample using the ICP analyses. As shown in Table S4,
the residual Na contents still exist in the 50-cycled sample and
there are negligible Na contents in the 100-cycled sample
(=P3—KCSO, Table S3). We also investigated the morphology and
atomic ratio of P3—KCSO using High-resolution transmission elec-
tron microscopy (HR-TEM) and energy-dispersive X-ray spectros-
copy (EDS) analyses. As shown in Fig. 1b, the particle size of
P3—KCSO was ~130 nm, and K, Cr, and Sb elements were homo-
genously distributed in the particles with the an atomic ratio of
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~0.70: ~0.86: ~0.14. In addition, Fig. 1c shows the X-ray absorption
near edge structure (XANES) analyses, which indicate that the
oxidation state of Cr in P3—KCSO was +3, implying K* in P3—KCSO
can be defintercalated through redox reaction of Cr>+/Cr+.

To understand the theoretical electrochemical reaction occurred
in P3—KCSO under the KIB system, we performed first-principles
calculation. We prepared various K*/vacancies configurations of
P3-Ky [Cro.86Sbo14]02 compositions (K = 0, 0.25, 0.5, 0.75, 1) using
cluster-assisted statistical mechanics (CASM) software. Subse-
quently, we plotted the convex hull based on their relative forma-
tion energies using the following Eq. (1);

(1 = x)E(Ko[Crg 845b0.14]02) + XE(K;[Crg.84Sbo.14]07)
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In the equation, V represents the average redox potential between
Ky2 [Cro86Sbo14]02 and Ky; [CrpgeSbo14]02, and E[K] and F refer to the
formation energy of K metal and the Faraday constant, respectively.
As shown in Fig. 2a, the computational results indicate that more
than 0.5 mol K" can be reversibly de/intercalated at the P3—KCSO
structure. It was verified that the theoretical redox potentials of
P3—KCSO structure well matched with the experimentally measured
charge/discharge curves at ~15 mA/g (Fig. 2b). To get a better un-
derstanding of the structural changes by variations in K content, we
conducted theoretical investigations of the crystal structure and
changes in the c lattice (Fig. 2c). As the K content decreases from 0.75

Eformation = E(KX [CrOA84Sb0A14}02) - 2

Moreover, based on lowest formation energies of each compo-
sition, we predicted the theoretical redox potentials of P3—KCSO
using the following Eq. (2);

Convex-hull plot of K,Cry g5Sbg 1405

a

o o °
S

[})

£ 200}

3

5 -400| 8

=

€ °

S 600+ 8

®

(- ]
g -800 - 716V 398V 334V 201V 035V
w | | | |
-1000 C Il I L 1 Il
0.00 0.25 0.50 0.75 1.00
Xin K,Cro 55b0 140,

C

P3-Ky75Cr0.865P0.1402

P3-Kq 5Cro.865b0.140;

(1)

to 0.25 mol, the c lattice parameter of the P3—KCSO structure in-
creases from ~18.46 A to ~19.12 A due to the repulsive force between
adjacent oxygen atoms in the P3—KCSO structure.
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Fig. 2. (a) Convex-hull plot for the formation energy of P3-K,CrggsSbo 1402 configurations (0 < x < 1) with theoretical voltage. (b) Comparison of the calculated redox potential of
P3-K,Crog6Sbo1402 and its experimentally measured cycle curves at 15 mA/g during initial charge/discharge process. (c) Predicted structural changes of P3-K,CrggSbo 1402 as a

function of the K content (0.25 < x < 0.75) using first-principles calculations.
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To confirm the first-principles calculation results on the struc-
tural changes during K de/intercalation, we carried out operando
XRD experiments. As shown in Fig. 3a—b, the peak positions of (003)

,(006), (011), (102), (105), and (110) planes were observed to shift
during charging up to 4.1 V (vs. K /K) without the appearance of any
new peaks, and returned to their original positions during dis-
charging to 1.5 V. Moreover, intensities of the XRD pattern were
recovered without severe structural degradation during cycling.
These results indicate that the P3-type layered structure of P3—KCSO
was stably maintained without any phase transition and exhibited
high reversibility even after charging up to 4.1 V. In addition, we
performed Rietveld refinement analyses on the operando XRD pat-
terns of P3—KCSO to verify the high structural reversibility (Fig. 3c).
It was verified that the a and c lattice parameters of P3—KCSO were
changed from 2.9423 A and 18.6060 A to 2.9298 A and 19.1478 A
(da = 0.42% Ac = 2.91%) during charge. After discharge, they were
well recovered to the original values. In terms of the volume, its
change during charge was 2.04% (Fig. S3). Moreover, the a, c lattice
parameters and volume were well recovered to the original value
after cycling, which indicates the high structural stability of P3—Kg 79
[Cro.86Sb0.14]02.

Fig. 4a—b shows the electrochemical tests at various current
densities of 15, 30, 75, 150, 300, 450, and 750 mA/g in the voltage
range of 1.5—4.1 V. At 15 mA/g, the specific discharge capacity of
P3—KCSO was 126.1 mAh/g with high Coulombic efficiency of above
98.7%, which indicates that irreversible reactions, such as formation
of the solid electrolyte interface (SEI) layer, are negligibly occurred
during initial discharge process of P3—KCSO. In addition, we
measured the electrochemical properties based on the 1.0 M KPFg
electrolyte and compared them with the properties based on the
0.5 M KPFg electrolyte. As shown in Fig. S4, it was confirmed that the
charge capacities were larger than each discharge capacities under
the KIB system using 1 M KPFg electrolyte, indicating that 1.0 M KPFg
electrolyte can deliver worse electrochemical performances than
0.5 M KPFg electrolyte. This result is consistent with previous
research that compared the electrochemical performance of
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electrolytes with various molar ratios of KPFg [33—35]. Under the KIB
system using 0.5 M KPFg electrolyte, P3—KCO delivered a discharge
capacity of 115.5 mAh/g but had a much lower coulombic efficiency
of 78.2% (Fig. S5). Importantly, the charge/discharge curve and the
dQ/dV profile of P3—KCSO were smoother and much simpler
compared to P3—KCO (Figs. S6—S7), indicating that the electro-
chemical behavior of P3—KCSO was less complex and structurally
more stable than P3—KCO. In addition, the cathodic and anodic
peaks are clearly verified in the dQ/dV profile of P3—KCSO, which
indicates that not supercapacitor-like surface reaction but
intercalation-based reaction in the structure occurred at P3—KCSO
during charge/discharge. Even at a current density of 750 mA/g,
furthermore, P3—KCSO exhibited a discharge capacity of ~88.9 mAh/
g, corresponding to 71.1% of the capacity observed at 15 mA/g. In
contrast, the discharge capacity of P3—KCO at 750 mA/g was only
retained to 39.5% of the capacity delivered at 15 mA/g. Moreover,
P3—KCSO demonstrated high cycle performance, as shown in Fig. 4c.
At 150 mA/g, the capacity retention was ~92.4% after 200 cycles, and
the coulombic efficiency was over 99% for all cycles. However, the
P3—KCO only delivered a capacity retention of 37.9% compared with
the initial capacity under the same condition (Fig. S8). These results
suggest that the Sb substitution in the P3—KCSO structure can lead to
outstanding power-capability and cycle-performance by enhancing
structural stabilization. In addition, we compared the electro-
chemical performances of P3—KCSO with those of other various
cathode materials of KIBs [ 16,26,36—41]. As shown in Table S5, it was
clearly revealed P3—KCSO exhibited more outstanding electro-
chemical performances than other cathode materials for KIBs, which
indicates that P3—KCSO exhibits high competitiveness as the
promising cathode for KIBs.

Additionally, we investigated the reaction mechanism of
P3—KCSO during K* de/intercalation using ex situ synchrotron-
based X-ray absorption spectroscopy (XAS) analyses. As shown in
Fig. 5a, the Cr K-edge XANES spectra of P3—KCSO shifted to a higher
energy level during charging, followed by a return to a state that
very similar to the original state upon discharging. These results
indicate that the occurrence of a reversible Cr>*/Cr** redox reac-
tion in P3—KCSO during K" de/intercalation. Moreover, through ex-
situ X-ray absorption fine structure (EXAFS) analyses (Fig. 5b), it
was revealed the bond length of Cr—O decreased after charge and it
was recovered to its original length after discharge. This result
strongly implies the high structural reversibility of P3—KCSO.

4. Conclusion

In this work, we demonstrated that the substitution of Sb
(0.14 mol) into the crystal structure can enhance the electrochemical
performances of P3-KyCrO, (P3—KCO). P3—Kg70 [CrogsSbo.14]02
(P3—KCSO) delivered a specific capacity of 126.1 mAh/g at 15 mA/g,
corresponding to the de/intercalation of 0.51 mol of K* ions from/
into the structure. The charge-discharge voltage profiles of P3—KCSO
are smoother than those of P3—KCO, indicating that Sb substitution
can suppress the irreversible phase transition during the (de)
potassiation process. Moreover, P3—KCSO showed high power
capability with a specific capacity of 88.9 mAh/g at 750 mA/g, cor-
responding to 71.1% of the capacity measured at 15 mA/g. Further-
more, after 200 cycles, the capacity retention of discharge was
maintained to 92.4% with high coulombic efficiency of >99% at
150 mA/g. These excellent electrochemical performances of
P3—KCSO were mainly attributed to the improved structural sta-
bility with a highly reversible Cr>*/Cr*" redox reaction. The
reversible K* storage mechanism of P3—KCSO was confirmed by a
combined study of first-principles calculations and various experi-
ments, including cluster expansion method-based calculations,
operando XRD, and ex situ XAS analysis. We believe that these
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findings will provide new inspiration for the development of high-
performance cathode materials for potassium-ion batteries.
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