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Ion-exchange reactions are commonly used to develop novel metastable electrode materials for alkali-ion bat-
teries that cannot be synthesized using direct chemical reactions. In this study, the electrochemical K to Na
ion-exchange reaction mechanisms in a layered K,CoO, cathode as a model system were investigated using
operando and ex situ structure characterization techniques. Some level of K ions was observed to remain in
the layered structure during the electrochemical ion-exchange reactions. Interestingly, the K ions are well
separated from the Na-rich phases in the discharged state, and they form an intermediate phase in which K

and Na ions are mixed at the top of charge. We discovered that such residual K ions prevent the collapse
of the layered structure in the high-voltage regime, thereby improving the cycling stability in a Na-battery

system.

1. Introduction

The ion-exchange reaction is ubiquitous and is used to produce a
wide variety of materials, including clays, zeolites, oxides, and phos-
phates [1]. The ion-exchange reaction is also an important synthetic
method for the synthesis of metastable materials that cannot be obtained
by direct chemical reactions such as conventional solid-state methods.
In the ion-exchange reaction, a mobile ion is extracted from the host
structure, with the insertion of another ion species, forming a novel com-
pound. Ion-exchange reactions have been widely used in the develop-
ment of novel electrode materials for alkali-ion batteries. For example,
although O3-type LiCoO, is the most stable phase thermodynamically,
the metastable O2-type LiCoO, can be synthesized via ion-exchange re-
action from P2-type Na,,CoO, [2]. Layered LiMnO, was also first syn-
thesized via the Na*/Li* exchange reaction [3,4]. Since then, significant
efforts have been devoted to the development of novel Li cathode mate-
rials using ion-exchange reactions, through which structural features of
Na layered oxides can be adopted [5-7]. Eum et al. developed O2-type
Li,(Lig oNiy ,Mng ¢)O, by ion-exchange reaction from its Na analogue
and demonstrated that the cation migration becomes more reversible in
the O2-type structure than in the O3-type structure, thereby enabling
significant reduction of the voltage decay [8]. Similarly, Xin et al. and
Yang et al. synthesized Li-excess O2-type Lig g6 [Lig 15Nig 15Mng 7310,
and Li,[Liy,Mnj g]0O, cathodes via Na*/Li* exchange reaction, both
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of which exhibit suppressed layer-to-spinel phase transition and lattice
oxygen loss during the charging [9,10].

Recently, new electrode materials for beyond Li-ion batteries have
also been developed using ion-exchange reactions. P2-type K, 5Co0,
was successfully synthesized from P2-type Naj g,C00, [11,12]. In ad-
dition, P3-type K,CrO, (x < 1.0) synthesized via ion-exchange reac-
tion from NaCrO, has been proposed as a potential cathode mate-
rial for K-ion batteries [13]. Our group also developed a novel com-
pound K; ¢Na;Ni,SbOg via Na*/K* exchange reaction [14]. A re-
cent work by Nathan et al. demonstrated that ion-exchanged P2-type
Ky.62Nag 0g[Crg g5Sbg 1510, undergoes a smaller lattice change during
the charging—discharging process and improves cycling stability when
compared with P2-K ,[Cr( g5Sbg 1510, [15]. Nat/K* exchange is not
just limited to layered oxide cathodes but has also been applied to
polyanion-type cathode materials for K-ion batteries [16-18]. It has also
been demonstrated that the ion-exchange method is a powerful tool to
develop novel cathode materials for multivalent-ion batteries, including
Zn-ion and Ca-ion batteries [19-23].

The mechanisms of solid-state ion-exchange reaction are not yet fully
understood and require further investigation. The ion-exchange reaction
has been described as a continuous inter-diffusion of two distinct ions
in the solid state, which is driven by their concentration gradient, or
more precisely their chemical potential difference [1]. However, recent
studies have revealed that the ion-exchange reaction appears to involve
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a more complex process. For example, a phase separation between Li-
and Na-rich domains during Na*/Li* exchange has been identified in X-
ray diffraction (XRD) studies by several groups [6,24-26]. Transmission
electron microscopy (TEM) and electron backscatter diffraction (EBSD)
studies have also confirmed that Na-rich domains are segregated from
Li-rich domains when the Na ion is electrochemically exchanged with
Li in Li,Ni; 3Mn; 3Co; 30, and Li,CoO, [25,27]. Similarly, Na- and K-
rich phases have been simultaneously observed during electrochemical
Nat/K* exchange reaction in Na-layered oxides using XRD and TEM
[11,14].

As part of our continuing efforts to better understand ion-exchange
reaction mechanisms, in this study, we investigated the K*-to-Na*t ex-
change reaction process in a P2-type K, CoO, model system. The electro-
chemical ion-exchange method offers several advantages: (i) it is easy
to control the rate of ion-exchange reaction using a potentiostat in gal-
vanostatic mode, (ii) sequential reaction enables easy identification of
intermediate phases, and (iii) it can overcome thermodynamic or ki-
netic barriers that often appear in chemical ion exchange. Our XRD char-
acterization showed that K-rich and intermediate (likely K/Na mixed)
phases form during the K*/Na*t exchange reaction in K,CoO,. Unlike
the ion exchange from Nat to Kt [14], in the reverse direction, K and
Na ions are widely distributed within a particle during the K*-to-Na™* ex-
change case, as confirmed using the TEM energy-dispersive spectroscopy
(EDS) mapping technique. We also found that some residual K ions
remained even after several electrochemical K*/Na* exchange cycles,
which might explain the improved cycling stability of K,CoO, in a Na
cell due to the pillar effect of large K ions, as suggested in a recent work
from Wang et al. [28].

2. Experimental section
2.1. Materials synthesis

The P2-type K,CoO, (x = 0.6) was synthesized using a solid-state
method. An excess amount (9 at%) of K,CO3 (>99%, Sigma-Aldrich)
was homogeneously mixed with Co;04 (<10 pm, Sigma-Aldrich) using
a planetary ball mill (Retsch PM200) at 300 rpm for 4 h. The resulting
mixture was pelletized and fired at 700 °C for 50 h under a flowing 02
environment. After natural cooling, the temperature was held at 200 °C
before the samples were collected to prevent contamination from mois-
ture in the air. For the synthesis of P2-type Na,CoO, (x = 0.74), an
excess amount (4 at%) of Na,CO5; (>99%, Sigma-Aldrich) was homo-
geneously mixed with Co;04 (<10 pm, Sigma-Aldrich), and the other
processes were conducted under the same conditions for K,CoO, syn-
thesis.

2.2. Characterization

The crystal structures of the obtained materials were analyzed us-
ing XRD (Rigaku Miniflex 600) with Cu Ka radiation. Operando XRD
was performed on a Bruker D8 Advance X-ray diffractometer using Mo
Ka radiation. A homemade operando cell with a Be window was gal-
vanostatically cycled at 2 mA g~! between 1.6 and 4.15 V using a
Maccor potentiostat, and XRD patterns were collected from 5° to 35°
20 every 40 min at room temperature. The particle morphology was
verified using field-emission scanning electron microscopy (FE-SEM;
Zeiss Gemini Ultra-55). The HAADF-STEM and EDS maps were collected
on a FEI TitanX 60-300 microscope equipped with a Bruker window-
less EDX detector at an acceleration voltage of 300kV. The K,CoO,
electrode was dissembled from the cell after the first charge and first
charge—discharge cycle. The cycled K,CoO, electrodes were then dis-
persed into anhydrous diethyl carbonate (DEC) and sonicated to ob-
tain good particle dispersion. The TEM samples were prepared by de-
positing a drop of dilute K,CoO, dispersion onto a TEM grid with a
lacey carbon support and allowing the solvent to evaporate at room
temperature in an Ar-filled glovebox. The samples were loaded into a
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Gatan 648 vacuum-transfer holder to transfer the sample from the glove-
box to the microscope without air exposure. Air-free X-ray photoelec-
tron spectroscopy (XPS) measurements were performed on a Thermo-
Fisher K-Alpha Plus XPS/UPS with a monochromatic Al X-Ray source
(1.486 eV) at the Molecular Foundry at Lawrence Berkeley National
Laboratory. The sample films were transferred into the XPS system us-
ing a Thermo-Fisher K-Alpha Vacuum Transfer Module to avoid air ex-
posure. The spectra was acquired with passing energy of 50 eV and
a dwell time of 50 ms. X-ray absorption spectroscopy (XAS) measure-
ments at Co K-edge were performed in a transition mode at Beamline
20-BM-B of the Advanced Photon Source, Argonne National Labora-
tory. A Si (111) monochromator was used for selecting the incident
beam energy. Normalization and calibration of raw data were carried
out by Athena software [29]. A Rh-coated mirror was applied to get
harmonic rejection. The samples for XAS analysis are prepared in film
forms.

2.3. Electrochemical tests

The cathodes were prepared by mixing K,CoO, (70 wt%), Super P
carbon (Timcal, 20 wt%), and polytetrafluoroethylene binder (DuPont,
10 wt%) in an Ar-filled glovebox. Cathodes with a loading density of
~3.2 mg cm~2 were assembled in a two-electrode configuration using
a Na-metal anode and glass-fiber separator (Whatman, GF/F) in a 2032
coin cell. The electrolyte was custom-made using 1 M NaPF¢ (American
element) in anhydrous ethylene carbonate/diethyl carbonate (EC/DEC)
(1:1 by volume, TCI America). Electrochemical tests were performed
on a battery testing station (Arbin Instruments) at room temperature in
galvanostatic mode. The electrochemical charge—discharge cycling was
performed between 4.1 and 1.7 V at 3 mA g~1.

2.4. Computations

Density functional theory (DFT) calculations were performed within
the projector augmented wave (PAW) formalism [30] to compute the ion
exchange reactions in P2-type (Na/K),CoO, materials, as implemented
in the Vienna ab initio simulation package (VASP) [31]. A supercell
size of 2 x 2 x 1 with 16 oxygen atoms was used, and 9 distinct al-
kali metal concentrations were computed from x = 0 to x = 1. For each
alkali metal concentration, the lowest 10 alkali-metal-vacancy order-
ings ranked by Ewald energy were selected using Pymatgen software
[32] and their total energies were computed in DFT. For the total en-
ergy calculations in DFT, full relaxations were performed to allow the
geometry optimization with force convergence criteria of 0.01 eV/A
on all atoms and energy convergence criteria of 10~ eV. A mixed
scheme of the generalized gradient approximation (GGA) and GGA with
Hubbard (+U) correction [33] was employed to compute the reaction
energies.

3. Results
3.1. Electrochemical K- to Na-ion exchange in k,CoO,

To investigate the electrochemical ion-exchange reaction mecha-
nisms, we first synthesized P2-type K,CoO, (x = 0.6) as a model system
using a conventional solid-state method. Fig. 1a presents the XRD pat-
tern of the synthesized K, CoO,, which matches well with the simulated
one. The small peaks at 33-34° are likely due to the impurity of KOH.
A scanning electron microscope (SEM) image of P2-type K,CoO, is pre-
sented in the inset of Fig. 1a, showing a large particle size of ~20-30 pum.
Fig. 1b presents the charge—discharge profiles of P2-type K,CoO, in a
Na-half cell, where 1 M NaPF¢ in EC/DEC and Na metal are used as the
electrolyte and counter electrode, respectively. The capacity of the first
charge process is ~60 mAh g~!, and the following charge and discharge
capacity is ~110 mAh g1 at 3 mA g~1. Overall, the charge-discharge
profiles are similar to those of P2-type Na,CoO, (x = 0.74), whereas
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Fig. 1. (a) XRD pattern of P2-type K,CoO, synthesized by a solid-state method
(Inset: SEM image). (b) Charge—discharge profiles and (c) cycling stability of
P2-type K,CoO, in a Na half-cell.

the specific capacity of P2-type K, CoO, (x = 0.6) is slightly lower than
that of its Na analogue. This result can likely be attributed to the much
larger particle size and heavier weight of P2-type K, CoO, than that of its
Na analogue (Figure Sla-b). Two interesting results were observed: (1)
The open-circuit voltage of P2-type K, CoO, after the cell assembly was
much higher than that of its Na counterpart, which might be due to the
different chemical potential of K, CoO, (x = 0.6) vs. Na,CoO, (x = 0.74)
(vs. Na metal) resulting from the different alkali-ion concentration. (2)
P2-type K, CoO, shows a much smoother voltage profile with less obvi-
ous plateaus during the first charging process than P2-type Na,CoO, al-
though the particle size of K, CoO, is larger than that of its Na analogue
and, in general, the extraction of larger K ions leads to more obvious
voltage steps [34-36]. The first charging profile of P2-type K, CoO, in
a Na cell is even smoother than that in a K cell in our previous work
[37]. This phenomenon could be attributed to some degree of chemi-
cal K*/Na*t exchange occurring spontaneously along with the charging
process, which will be further discussed in a later section. In the cycling
stability test, P2-type K, CoO, maintains ~86% of the specific capacity
after 80 cycles, as shown in Fig. 1c.
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3.2. Structure evolution during electrochemical ion-exchange reactions

To better understand the electrochemical Kt /Nat exchange reaction
mechanisms in P2-type K,CoO,, we leveraged an operando technique
using a customized electrochemistry—-XRD cell, of which the charge-
discharge profiles are presented in Fig. 2a along with the XRD patterns
as a function of charging and discharging states in Fig. 2b. The operando
cell delivers a capacity of ~82 mAh g~! for the first charge and ~150
mAh g1 for the first discharge, which is higher than the specific capac-
ities obtained from a coin-cell configuration. The higher capacity of an
operando cell could be due to the lower applied current rate and larger
amount of electrolytes used. Interestingly, two peaks were observed at
~6.2° and ~7.1°, which are the characteristic peaks of the K-rich phase
(larger d spacing, denoted by red dotted line in Figs. 2b—c) and Na-rich
phase (smaller d spacing, denoted by green dotted line in Figs. 2b-d),
respectively, as shown in Fig. 2b—c even before the charging process
had begun, indicating that there is some degree of spontaneous K*/Na*
exchange. We could not differentiate the K and Na contents from the spe-
cific capacity because the chemical K*/Na* exchange occurs simultane-
ously with the electrochemical process. During charging, the peak at 6.2°
(for the K-rich phase) shifts to lower angles, which is indicative of K ex-
traction. At the same time, the peak at 7.1° (for the Na-rich phase) moves
to lower angles; however, surprisingly, its peak intensity increases and
peak becomes sharper. The shift of the peak position to lower angles
of the Na-rich phase indicates that the Na concentration in the layered
structure is reduced. In contrast, the increase in peak intensity and peak
sharpening indicate that the domain size of the Na-rich phase grows.
This discrepancy signifies that there is a spontaneous K*/Na* exchange
reaction, which is chemically driven, even during charging. The Na con-
centration in the nominal composition of Na,CoO, decreases to meet the
equilibrium state as the voltage increases during charging; however, the
domain size of Na,CoO, becomes larger because K ions are replaced by
Na ions. (K-rich domains become Na-rich domains). When the charging
time reaches ~20 h (charging capacity: ~40 mAh g~1), where a large
voltage jump from 3.27 to 3.67 V occurs, the XRD peak of the K-rich
phase suddenly disappears and a new XRD peak at ~6.5° evolves. Given
that the peak position is between the K-rich and Na-rich phases, we sus-
pect that the new peak corresponds to a new phase where K and Na ions
are mixed. Further charging process does not change the position nor
the intensity of this new XRD peak. However, the peak of the Na-rich
phase shifts to lower angles, indicating Na extraction from the layered
structure, until the charging time reaches ~36 h (charging capacity: ~72
mAh g~1). Further charging results in a shift of the peak of the Na-rich
phase to higher angles. This result indicates that the slab spacing is re-
duced because a large amount of Na ions is removed from the structure,
which is often observed in Na layered oxides [38-40]. Upon discharging,
the XRD peak evolutions appear to reverse (Fig. 2c—d). For example, the
peak of the Na-rich phase shifts to lower angles until the discharge ca-
pacity is ~10 mAh g1, and then, it moves to higher angles. In addition,
the XRD peak of the Na/K mixed phase at ~6.5° disappears when a large
voltage step appears in the discharge profile. At the end of the discharge,
a small peak of the K-rich phase at ~6.1° evolves, as shown in Fig. 2e.
This demonstrates that K ions remain in the layered structure after an
electrochemical K*/Nat exchange cycle. The second charging process
follows the same reaction trend of the first charging process (Fig. 2e) ex-
cept for the peak-intensity reduction of the K-rich phase because many
of K ions are exchanged with Na ions. For comparison, we also moni-
tored the phase evolutions of Na,CoO, during charging and discharging
(Figure S2). No K-rich or Na/K mixed phase was observed. Notably, we
observed a new peak evolution at ~7.25°, indicating a two-phase re-
action region, at the end of discharging, whereas no such two-phase
region was observed in the Na-rich phase at the end of discharging in
the K, CoO, case.

We further investigated the chemical K*/Na* exchange in K,CoO,
using ex situ XRD because a spontaneous ion exchange between K and
Na ions was observed in our operando system, as shown in Fig. 2b.
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Fig. 2. Structure evolution of P2-type K,CoO, during K-
to Na-ion exchange. Operando XRD characterization re-
sults of P2-type K,CoO, in a Na half-cell. (a) Charge-

discharge profiles of an operando cell. (b) Operando XRD
patterns of P2-type K, CoO, during electrochemical K- to
Na-ion exchange reactions. The brown and green lines
are the XRD patterns at the end of charging and dis-
— charging, respectively. (c) Magnified regions of orange
\ box area in (b). (d) Magnified regions of red box area in
) (b). (e) Magnified regions of shoulder peaks (5.5°-6.8°).
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Fig. 3a presents the ex situ XRD patterns of P2-type K,,CoO, stored in 1 M
NaPFg in EC/DEC electrolyte at room temperature with varied reaction
time. An XRD peak of the Na-layered phase (Na,CoO,) begins to ap-
pear at 16° even after 2 s of reaction. The peak intensity of Na,CoO, in-
creases with increasing reaction time, and P2-type K,CoO, is completely
transformed into the Na phase after 48 h, which indicating the sponta-
neous ion exchange reaction is time-dependent. The very broad bump in
Fig. 3a originates from the Kapton tape used for sealing the ex situ sam-
ples to avoid air exposure. A similar spontaneous ion-exchange behavior
between two distinct mobile ions was also observed in the Na layered
oxide Na,,3(Nig o5sMng 75)0, [41]. To further understand whether it is
only Na ions intercalated in the K,CoO, in the initial stage of ion ex-
change, we have monitored the peak intensity as a function of reaction
time during the chemical ion exchange as shown in Fig. 3a-b. During the
initial 60 s, the peak intensity of K-rich phase decreases and that of Na-
rich phase increases. This demonstrates that K ions are exchanged with
Na ions. We also traced the valence state of Co in K,CoO, during the
spontaneous ion exchange process. Fig. 3c shows the XPS analysis re-
sults of K,CoO, during the ion exchange. There is no noticeable change
in oxidation state of Co. Because XPS technique is surface sensitive only,
we also employed XAS, which can provide bulk information (Fig. 3d-e).
Overall shape of the Co K-edge X-ray absorption near edge spectroscopy
(XANES) spectra does not change significantly during the spontaneous
ion exchange. We have looked at the peak top energy of the Co K-edge
XANES spectra, which is sensitive to the oxidation state of Co [42,43].
Interesting, we found that the Co ions went through reduction and oxida-
tion. However, the overall change of the oxidation state is less than 0.1.
This result indicates that the spontaneous K-to-Na ion exchange might
involve some degree of unbalanced ion exchange process, but major-
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Table 1
Composition estimated from EDS and ICP.

Charged (4.1 V) Discharged (1.7 V) Charged (4.5 V)

From EDS
From ICP

Nay ;7Kg 4,C00,
Na, 3K 15C00,

Nay 5K 04C00,
Nayg 95K0.19C00,

Nag 19K 024C00,
Nag 23K .1, C00,

ity of the reaction is done by ion exchange rather than Na insertion
only.

The composition and chemical element distribution in a particle af-
ter electrochemical ion-exchange reaction were investigated using the
STEM-EDS mapping technique, as shown in Fig. 4. Interestingly, a rela-
tively large amount of Na ions was observed after the first charge pro-
cess (Fig. 4a—d). The composition of the charged sample was estimated
to be Nag 17K g7C00, from the EDS analysis result. The composition
of the charged sample estimated from inductively coupled plasma (ICP)
method is Nag 3Ky 15C00,. (see Table 1) For the composition estima-
tion, only Na, K, and Co were considered, with the assumption that there
was no oxygen loss due to the relatively low cut-off voltage (4.1 V vs.
Na/Na'). This finding clearly demonstrates that K*/Na* exchange oc-
curs spontaneously during the charging process such that some K ions
are replaced by Na ions despite both alkali ions being extracted out of
the host structure by the cell potential. In addition, we found that Na
and K ions are uniformly distributed in a particle after the discharg-
ing process (Fig. 4e-h). The composition estimated from EDS analysis
of the discharged state is Nag 5K 04 C0O,, which is slightly lower than
that estimated from the specific capacity observed in the electrochem-
ical measurement. It is difficult to conclude the total number of Na/K
in the system by using EDS only due to its accuracy limit. It is also
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Fig. 3. (a) Ex situ XRD patterns of P2-type K,CoO, after chemical ion exchange at room temperature with varied reaction time. (b) Peak intensity vs. Time plot of
K-rich and Na-rich phases. (¢) XPS and (d) XAS spectra of K,CoO, during the spontaneous ion exchange. (e) Linear plot of valence state of Co vs. peak top energy of
the Co K-edge XANES for quantification. For the linear plot we adopted the data points of Na, ,,C00, (Co%2¢+) and Na, sCoO, (Co%°*) from [Ref. [44]].

Charged

Discharged

Fig. 4. (a-d) STEM-EDS results of P2-type K, CoO, after the first charge. (a) STEM-HAADF image. EDS elemental maps of (b) Co, (c) K, and (d) Na. (e-h) STEM-EDS
results of P2-type K, CoO, after the first charge-discharge cycle. (e) STEM-HAADF image. EDS elemental maps of (f) Co, (g) K, and (h) Na.
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Fig. 5. Ex situ XRD patterns of P2-type K, CoO, (a) after 1 cycle of charge-discharge in a Na half-cell, followed by 20 h of chemical ion exchange, and (b) after

the 3rd charge-discharge process.

possible that some level of Na and K ions would be extracted when
the sample meets a trace amount of O, and H,O during the TEM sam-
pling using DEC (see experimental section), which underestimates Na
and K contents. To be more accurately estimate the compositions, we
used ICP method. ICP result shows much higher alkali ion concentration:
Nag 95K( 19C00,. We do not think such high contents of Na and K ions
are in the crystal structure. Excess Na and K contents likely come from
solid-electrolyte interphase (SEI) formed by electrolyte decomposition
and residual salts from the electrolyte. Compared to the composition of
charged state above, it clearly demonstrates that the Na ions intercalate
into the layered structure during the discharging. Given that there is a
separation between the Na-rich and K-rich phases in XRD, where the
K-rich phase has a low intensity and broad shape, it is likely that small
K-rich domains form inside a large Na-rich particle. This finding is in
sharp contrast to the case of Lit/Na* exchange in Li,CoO, and Na*t/K*
exchange in Na,Ni,SbOg, where two distinct mobile ions are separated
in distinct relatively large areas [14,27]. In our system, Na and K ions
are mixed in the same structure in the charged state, as shown in Fig. 2¢
and 2e. During the Na intercalation (discharging), K ions want to build
a separate K-rich domain but cannot travel a long distance because the
diffusivity of K ions in the layered oxide structure is lower than that of
Na ions [45]. Therefore, small K-rich domains can form inside a large
Na-rich domain.

3.3. Residual K ions in ion-exchanged structure

We also conducted ex situ experiments to determine if the resid-
ual K ions are extractable after a few charge-discharge cycles. Fig. 5a
presents the ex situ XRD pattern of P2-type K,CoO, after 1 cycle in a
Na half-cell, followed by 20 h of chemical ion exchange in 1 M NaPFg
in EC/DEC. Similar to the operando experiments, a broad peak of the K-
rich phase was observed at ~14.5° as well as a relatively sharp Na-rich
phase at ~16.8° Unfortunately, the K-rich peak is overlapped with the
background as shown in Fig. 5. However, we could highlight that there
is a little peak at ~14.4 °, which belongs to K-rich layered structure by
comparing the XRD pattern of background: the curvature at ~14.4 ° is
different between the two. This demonstrates that the residual K ions
are unlikely to be extractable or exchangeable with Na ions, unlike the
pure chemical ion-exchange process (Fig. 3a). The difference in the peak
positions between the operando and ex situ XRD results originate from
the different X-ray sources (Mo for in situ vs. Cu for ex situ). In our ex
situ experiments, we observed peak splitting of the Na-rich phase in con-
trast to the operando result (Fig. 2d). It is likely that such peak splitting
occurs during the relaxation, which is unavoidable in the ex situ sample
preparation process. Fig. 5b presents XRD patterns of P2-type K,CoO,
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after the 3rd charge-discharge cycles. Notably, K-rich and intermediate
(Na/K mixed) phases are maintained even after 3 cycles, again indicat-
ing that the residual K ions are not extractable.

To understand the role of residual K ions in battery performance,
we compared the cycling stability of P2-type K,CoO, and Na,CoO, in
a Na cell at 5 mA g1, as shown in Fig. 6. We used the same electrode
formulation for both: 70 wt% of active material, 20 wt% of carbon,
10 wt% of PTFE binder. P2-type K,CoO, exhibits 86% capacity reten-
tion after 80 cycles, whereas P2-type Na,CoO, shows 65% capacity re-
tention. We have also conducted cycling stability at a relatively high
current rate (20 mA g—!) as shown in Figure S3. While the specific ca-
pacity of K,,CoO, is lower than Na-analogue, it shows improved cycling
stability (~71% retention after 140 cycles at 20 mA g~!) compared to
Na-version (~62% retention after 140 cycles at 20 mA g~1). We also
conducted elemental analysis of the K, CoO, electrode after 80 cycles
using TEM-EDS technique (Figure S4). The composition estimated from
EDS is Nag 76K 079C00,. These results clearly demonstrate that there
are residual K ions in the ion exchanged layered oxide even after 80
cycles of charging-discharging process. These results indicate that the
residual K ions in the Na- layered oxide have a positive effect on the cy-
cling performance, which will be discussed in the following section. In
the rate capability test (Fig. 6¢-d), K, CoO,, shows relatively fast capacity
decay as the current rate increases compared to Na,CoO,. This might
come from the larger particle size of K,CoO, than Na-analogue. Also,
there could be a detrimental effect of residual K ion in the diffusion of
Na ions through the layered structure.

4. Discussion

We observed that the residual K ions in the layered K,CoO, after
the electrochemical ion-exchange process are not replaced by Na when
the sample is soaked in a Na-based solvent (1 M NaPFy in EC/DEC) for
20-h extensive chemical ion-exchange reaction (Fig. 5a). In addition,
the residual K ions remain in the layered structure even after repeated
electrochemical charge-discharge (ion-exchange) cycles, as shown in
Fig. 5b and Figure S4. In contrast, in the pure chemical ion-exchange
case, where P2-type K,CoO, was stored in the Na-based solvent, the K
ions were completely replaced by Na ions (Fig. 3a). These results sug-
gest that the reaction path of the electrochemical ion-exchange process
might differ from that of the chemical route. In the electrochemical ion-
exchange system, we extract one mobile ion from the structure followed
by the insertion of another mobile ion. In the charged state, the remain-
ing K and/or Na ions form an ordering with vacancies to minimize the
electrostatic repulsion and stabilize the structure. Therefore, the resid-
ual ion cannot be completely replaced by another ion or, at least, a very
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Fig. 6. (a-b) Cycle stability of P2-type K, CoO, and Na, CoO, in a Na half-
cell at 5 mA g~'. (a) Cycle number vs. Capacity. (b) Cycle number vs. Ca-
pacity retention. (c-d) Rate capability of K, CoO, and Na,CoO,.
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large number of charge-discharge cycles is required to complete the ion
exchange [13,14]. To understand if more K ions can be extracted at
higher voltage cut-off, we charged K,CoO, up to 4.5 V (vs. Na/Nat).
However, it shows a significantly higher capacity than the theoretical
one (140 mAh g1), given that all K ions are extracted from K, ;CoO,
(Figure S5). This demonstrates that there is a severe electrolyte decom-
position reaction at high voltage region. TEM-EDS technique in Figure
S5b shows that there are remaining K and Na ions in the structure even
after the charging up to 4.5 V (vs. Na/Na*). The estimated composition
from the EDS is Nag 19K 924C00,. Compared to the result obtained at
4.1V (vs. Na/Na'), the cathode has less K ions, indicating some degree
of K ions are extracted at > 4.1 V (vs. Na/Na*), but they are not com-
pletely extractable. Similarly, we could observe remaining K ions in the
cathode film at 4.5 V with ICP method. The composition estimated from
ICP is Nag 93K 11 C00,. Table 1 summarizes the composition estimated
from EDS and ICP.

It is likely that the residual K ions play a positive role in improv-
ing the cycle life of the layered oxide cathode. In our electrochemical
test, we found that P2-type K, CoO, has better cycling stability (86%
retention) than its Na analogue, as shown in Fig. 6a-b. In fact, a recent
study by Wang et al. demonstrates that the introduction of K ions into
the Na-layered oxides improves the capacity retention because K ions
serve as pillars and prevent the structure degradation during repeated
battery cycling [28]. Similarly, Tosun et al. showed that the cycling sta-
bility of Nag gMng 35Feq 35C0( 30, can be improved by K doping [46].
In this respect, the layered oxides with Na- and K-ion mixing could be
an interesting chemical space to explore for stable Na cathodes.

In our work, we discovered that K ions are spontaneously ex-
changed with Na ions when P2-type K,CoO, is stored in 1 M NaPFg
in EC/DEC (Fig. 3a). Similar behavior has also been observed in
Na,,3(Nig ,5Mng 75)0,, where Na ions are replaced by Li ions with no
external electric bias [41]. However, Na ions are not spontaneously re-
placed by K ions when P2-type Na,CoO, is stored in 0.7 M KPFy in
EC/DEC (Figure S1c). This behavior can be explained by the difference
in the energetics of the layered oxide structure with Na and K ions. It is
well known that the working voltage of K layered oxides is much lower
than that of its Na analogues despite the lower standard redox potential
of K/K* vs. Na/Na* [33,34,47]. In addition, our previous work demon-
strates that K ions are not stable in the layered structure at high concen-
trations; therefore, most stoichiometric KTMO, (TM=transition metal)
compounds are not thermodynamically stable except for KCrO, [48].
All of these findings indicate that K ions are less stable than Na ions

0
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Fig. 7. Energy difference between Na,CoO, and K, CoO, as a function of alkali
ion concentrations.

in the layered structure, resulting in a preferential K-to-Na ion replace-
ment but not vice versa. We conducted DFT calculations to understand
the thermodynamic driving force for the spontaneous ion exchange be-
tween K and Na in the P2-type layered oxides. Fig. 7 shows the computed
energy difference between P2-type K, CoO, and P2-type Na,CoO, as a
function of alkali ion concentrations. In a relatively low alkali ion con-
centration (x < 0.5), K ions are favored to intercalate into the layered
structure. However, at a higher alkali ion concentration, Na ions are fa-
vored to insert to the layered framework. In our ion exchange system,
the composition of our sample is K (CoO,. Therefore, Na would favor
to be exchanged with K ions in the K,CoO,. This computation indicates
that a spontaneous K-to-Na ion exchange would not occur if the starting
material has lower K concentration (x) than 0.5 in K,.CoO,.

Summary
In this work, the electrochemical K-to-Na ion-exchange reaction

mechanisms occurring in K,CoO,, a representative layered oxide cath-
ode, as a model system were investigated using operando and ex situ
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structure characterization (XRD and TEM) techniques. Interestingly,
some level of K ions remains in the layered structure despite several
charge—discharge cycles. In the discharged state, K ions are preferen-
tially separated from the Na-rich phases. In contrast, they form an inter-
mediate phase where K and Na ions are mixed at the top of the charge.
The intermediate phase formation in the charged state, where K and/or
Na ions form an ordering with vacancies to minimize the electrostatic
repulsion and stabilize the structure, likely prevents K ions from being
completely exchanged with Na ions. Instead, we found that the residual
K ions prevent the collapse of the layered structure in the high-voltage
regime, improving the cycling stability.
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