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Layered oxides (AMO,, where A = Li or Na and M = transition metal) are essential positive electrode
materials for lithium- and sodium-ion batteries. A fundamental question in ion transport is whether Li* or
Na* diffuses faster in these materials; however, distinguishing intrinsic diffusion properties from the
effects of particle size and electrode composition is challenging. Using operando muon spin
spectroscopy and molecular dynamics simulations, we determined the Li* and Na' self-diffusion
coefficients in 03-Li,CoO,, 03-Na,CoO,, and P2-Na,CoO,. Our findings revealed that Na* diffusion is
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interactions. In the O3-type structure, Li* diffuses faster than Na*, whose larger ionic size hinders
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Introduction

Layered oxides such as LiCoO, and LiNiO, have been widely
studied since the commercialization of lithium-ion batteries in
the 1990s." These materials are also used as active materials in
the positive electrode of sodium-ion batteries, and their use is
gaining interest.>”® Research on their intercalation and de-
intercalation dates back to the 1980s, when independent
studies reported the behavior of LiCoO,® and NaCoO,.” The
formation of layered AMO, (A = alkali metal, M = transition
metal) requires a balance between the ionic radii of A* and M**
ions. In lithium-based systems, where the A" ion has a relatively
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small radius, only 3d transition metals such as V, Cr, Co, and Ni
form layered structures.** However, due to the irreversible
intercalation of Li" in LiVO, and LiCrO, and the instability of
LiNiO, in its de-intercalated state, we focused on ACo0O, to
compare Li* and Na* ion transport.

In layered A,MO, materials, transition metal ions occupy
octahedral (Oh) sites between oxygen layers, forming MO, slabs
separated by A" layers. These layered oxides exist as various
polymorphs, including P2- and O3-type structures (Fig. 1),
which differ in A" coordination sites and stacking.” P (prismatic)
and O (octahedral) refer to A" coordination sites, and the
number (2 or 3) indicates the number of MO, slabs per unit cell.
A prime notation (e.g., P'2) denotes lattice distortion, which is
typically caused by Mn®* ions owing to cooperative Jahn-Teller
distortion. Owing to the small ionic radius of Li*, LiMO, typi-
cally forms O3-type structures, whereas Na,MO, (x = 1) can
form both P2- and O3-type structures. Structural phase transi-
tions between P- and O-type structures occur via the de-
intercalation of A" ions (ie., oxidation), highlighting the
dynamic nature of layered oxides.

A critical factor in evaluating ionic conductors and electrode
materials is the diffusion coefficient of the carrier ions.'*"*> High
ionic conductivity is crucial for battery applications, especially
in high-rate charge-discharge reactions. Thus, understanding
the effects of polymorphism (P-type vs. O-type structures) and
carrier ion species (Li" vs. Na') on ion diffusion is essential. In
O-type structures, A" ions hop between neighboring Oh sites via
tetrahedral (Th) sites by approaching the O®~ ions in the CoO,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Classification and migration pathways in different A,CoO, polymorphs. (A) Polymorph classification in layered oxides, showing A-M-O
layered materials with slabs of edge-sharing MOg octahedra. (B) Migration pathways of A* ions in different polymorphs. The crystal structures

were drawn using VESTA.Y.

slabs (Fig. 1B). In P-type structures, Na' ions move between
regular and vacant P sites within the same horizontal plane.
Computational calculations indicated that P2-type structures
enhance Na' diffusion compared with O3-type structures.'
However, the A'-ion content (x) also affects diffusion for specific
compositions of layered A,MO, because variations in lattice
parameters and/or phase transitions occur during ion interca-
lation and de-intercalation.'®***® Thus, operando measure-
ments across the entire composition range are necessary for the
accurate analysis of diffusion.

By enabling real-time measurements, the operando tech-
nique minimizes side reactions such as self-discharge, which
may occur during sample preparation for ex situ measurements.
Electrochemical methods such as galvanostatic (or potentio-
static) intermittent titration (GITT or PITT) can also be used to
measure diffusion coefficients across different x values.
However, these methods require an accurate “reaction area”,'
which is challenging owing to the porous nature of battery
electrodes composed of active material, conductive carbon, and
polymer binders." Typical insertion materials experience
volume changes and particle cracking during the insertion and
extraction of A" ions, altering the reaction area.? In addition,
although electrochemical techniques provide the chemical
diffusion coefficient (D), the self-diffusion coefficient (D)) is
more fundamental (D° = @-D', where 0 is the thermodynamic
factor). In this study, we used an operando muon spin rotation
and relaxation (u'SR) technique to determine the D' of Na*
(Dk.) in 03-Na,Co0, and compared it with the DY, in P2-Na,-
C00,* and D}; in 03-Li,C00,.”* We also performed molecular
dynamics simulations using a neural network potential (NNP-

© 2025 The Author(s). Published by the Royal Society of Chemistry

MD) to validate the 'SR results. This approach enabled us to
examine (1) Na" diffusivity in P2- and O3-type structures and (2)
Li" and Na" diffusivity in O3-type structures.

Experimental procedures

The experimental details for 03-Li,CoO,** and P2-Na,CoO, **
have been reported. Below, we describe the synthesis of O3-
NaCoO, and the analytical procedures for obtaining operando
muon spin rotation and relaxation (u'SR) spectra.

Materials

The following materials were used as received and handled in
a dry, Ar-filled glove box (Miwa Manufacturing Co., Ltd, DBO-
series, dew point under —80 °C): NaPF (battery grade, >99%,
[H,O] < 30 ppm, Kishida Chemical Co., Ltd), diethyl carbonate
(DEC, 99.5%, [H,O] < 30 ppm, Kishida Chemical Co., Ltd),
ethylene carbonate (EC, 99.5%, [H,O] < 30 ppm, Kishida
Chemical Co., Ltd), fluoroethylene carbonate (FEC, 99.5%,
[H,O] < 50 ppm, Kishida Chemical Co., Ltd), N-methyl-2-
pyrrolidinone (NMP, dehydrated, >99.0%, [H,O] < 50 ppm,
Kanto Chemical Co., Inc.), Na metal (lump in kerosene, >99.0%,
Kanto Chemical Co., Inc.), polyvinylidene fluoride (PVdF,
#1100, Kureha Corporation), acetylene black (AB, Denka Black
Li-400, Denka Co., Ltd), NaOH (>97%, Kishida Chemical Co.,
Ltd), and Co30,4 (>99.95%, Kanto Chemical Co., Inc.).
03-NaCoO, was synthesized via a conventional solid-state
reaction. In an Ar-filled glove box, Co;0, was mixed with a 5%
excess of NaOH and pressed into pellets. The pellets were
calcined at 500 °C under an O, stream (50 mL min ") for 12 h.

Chem. Sci., 2025, 16, 19990-20001 | 19991
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The calcination process was repeated once, with intermediate
grinding and re-pelletizing. After natural cooling to approxi-
mately 100 °C, the calcined pellets were quickly transferred
back to an Ar-filled glove box and crushed into powder. The
structure of the as-synthesized O3-type NaCoO, was analyzed by
powder X-ray diffraction (XRD, SmartLab, Rigaku Co.) using Cu
K, irradiation (45 mA, 40 kV). To prevent air exposure during
XRD measurements, we used a custom-built airtight sample
holder. The particle morphology was examined by scanning
electron microscopy (JCM-6000, JEOL Ltd) at an acceleration
voltage of 15 kV. The XRD pattern confirmed the presence of
a single-phase 03-NaCoO, consistent with the R3m space group.
The Na:Co atomic ratios were determined by inductively
coupled plasma atomic emission spectroscopy (SPS3520UV,
Hitachi High-Tech Science). After dissolving the samples in HCI
solutions, the Na: Co ratio was 1.08(1).

Electrochemical tests

To fabricate 03-NaCoO,-based composite electrodes, O3-
NaCoO,, AB, and PVdF were thoroughly mixed with an
adequate amount of NMP in a mortar and pestle to form
a slurry. The NaCoO, : AB: PVdF ratio was 80:10:10 (m/m).
The slurry was cast onto Ti foil (thickness: 20 pm; Hosen
Co.) and dried slowly at room temperature in an Ar-filled glove
box for more than 24 h. The slurry was then further dried at
100 °C under vacuum overnight. The resulting composite
electrode had a thickness of approximately 200 um (excluding
Ti foil) and a diameter of 18 mm, with a mass loading of 20
mgyco cm >, Galvanostatic charge-discharge tests were con-
ducted using a custom-built three-electrode 'SR cell (Fig. 24,
EC Frontier) assembled in an Ar-filled glove box. All cell
components were made of Ti, brass, or plastic, except for the O-
ring and spring, to avoid any possible stray magnetic fields. A
Ti plate with 100 um thickness was used as the window for p*
implantation into the electrode. Na-metal foil was used as the
reference and counter electrodes. The electrolyte solution
consisted of 1.0 mol dm > NaPF dissolved in a 1:1 (volume
ratio) mixture of EC and DEC with 2 vol% FEC. A glass fiber
separator (GB-100R, Advantec) was used. For the electro-
chemical test, desodiation (oxidation) of the composite elec-
trode were conducted at a constant current of 2.35 mA g~ ' (C/
100) at room temperature (approximately 297 K) using
a potentiostat (SP-200, BioLogic), up to 4.0 V.

'SR

The n'SR spectra were recorded at the S1 surface muon beam-
line of the Muon Science Establishment (MUSE) in the Mate-
rials and Life Science Experimental Facility (MLF) at the Japan
Proton Accelerator Research Complex (J-PARC). To minimize
the vaporization of organic solvents—a common issue in p'SR
experiments conducted under high vacuum conditions—we
positioned the half-cell between the forward and backward
counters along the muon beamline under atmospheric condi-
tions (Fig. 2A). The terms “forward” and “backward” refer to the
detectors positioned upstream and downstream, respectively,
relative to the sample location and the incoming muon beam
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direction. The temperature of the half-cell was maintained at
297 £ 1 K by air conditioning.

1SR spectra were acquired in a transverse field (TF) of 30 Oe
for 20 million (M) events, a zero field (ZF) for 40 M events, and
two longitudinal fields (LFs) of 5 and 10 Oe for 40 M events each
to determine the fluctuation rate of the internal nuclear
magnetic field. TF and LF refer to the magnetic fields applied
perpendicularly and parallel to the initial u* spin polarization,
respectively. The total measurement time for all four spectra
was approximately 1.2 h, with a counting rate of approximately
120 M events per h. During the charging and discharging cycles
of the half-cell, measurements in TF, ZF, and two LFs were
conducted sequentially and continuously. Additional details on
the experimental techniques are provided elsewhere.'>'® The
obtained p'SR spectra were analyzed using a dynamic Kubo-
Toyabe function® with musrfit** to extract 4 and ».

The D’ values of Li* and Na* (D}; and DJ,) were calculated
using the following equation:

"1
D = Zﬁszsiz”v (1)
= Vi

where 7 is the number of diffusion pathways, N; is the number
of Li/Na sites in the i-th jump path, Z,, is the vacancy fraction,
and s; is the jump distance. For P2-Na,CoO,, which contains two
Na sites (Nal and Na2, Fig. 2E), we used n = 2, and for Na1, we
usedN; =3,Z;=1—[x — (1 — Z,)] =2 — x — Z,,and s; = 1.63 A,
whereas for Na2, we used N, =3, s, = sy, and (1 — Z;) + (1 — Z,)
= x. To avoid double counting the jump between Nal and Na2,
we multiplied each jump by, resulting in D},_n, = 7(2 — x)s,%/6.
For 03-A,C00,, assuming A" jumps from a regular Oh site to an
interstitial Th site, n = 1, N; = 3, Z; = 1, and s; = 1.68 A (for
LiCo0,) or 1.75 A (for NaCoO,) were used (Fig. 2F), resulting in
Dl = vs,%/6. For 03-Li,Co0, and P2-Na,Co0,, D’ was calculated
assuming an O-type and P-type hopping pathway, respectively,
over the entire x range. In contrast, for 03-Na,CoO,, D’ was
calculated assuming an O-type hopping pathway for 0.688 < x <
1 and a P-type pathway for x < 0.688, reflecting the O3-P3 phase
transition.

The total u'SR measurement time depends on the electro-
chemical cycling rate. In this study, 03-Li,CoO, was cycled at
a C/40 charge rate, while both P2-Na,CoO, and 03-Na,CoO,
were cycled at C/100. Since only ~70% of the full capacity was
used (x = 0.3), the measurement time for p'SR was approxi-
mately 28 h for 03-Li,CoO, and 70 h for P2- and 03-Na,Co00,,
excluding the initial setup, pre-measurements without
charging, and any additional discharge steps.

Computational methods

The ' sites in the lattice and the stability of the implanted p*
were predicted using DFT calculations via a full-potential line-
arized augmented plane-wave method within the generalized
gradient approximation (GGA), as implemented in the WIEN2k
program package.*” Specifically, the local potential minima in
the lattice were predicted using WIEN2K, after which a proton,
analogous to a ', was positioned at the local potential
minimum. The optimized lattice structure was then predicted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using the Vienna Ab initio Simulation Package (VASP)* with a 3
x 3 x 1or4 x 4 x 1 supercell. The nuclear field distribution
width (4) at the predicted p" site in the optimized lattice was
calculated using DIPELEC.* Li" and Na' ions exhibit mobility in
the Li,CoO, and Na,CoO, lattices, respectively, owing to elec-
trostatic repulsion from the implanted p'. Consequently, the
implanted u* is located in the vicinity of an O*>~ ion adjacent to
a Li (Na) vacancy, where it resides at the bottom of a deep
potential well. The stabilization energy for this self-trapping
effect is approximately —2 eV, as predicted for Liy;3C00,.
Consequently, 1" experiences a fluctuating nuclear magnetic
field caused by Li* (Na") diffusion from a fixed viewpoint. This is
the basic principle underlying the detection of ion diffusion in
solids using pSR. In our initial operando pSR study on Li,C0O,,"
we ignored the self-trapping effect of p* and assumed that the
implanted p' resides at a local potential minimum in the Li
plane, diffusing along with Li". In this study, we refined this
perspective to emphasize that the implanted p' provides a fixed
viewpoint for diffusion measurements in battery materials.

MD simulations were performed to investigate the diffusivity
of alkaline-metal ions (Li' or Na') in P2-Na,gC00,, O3-
Lip gC00,, and 0O3-Na, gCoO,. Among the various MD methods,
those incorporating the forces from DFT (DFT-MD) offer high
accuracy. However, DFT-MD is computationally demanding,
particularly for transition-metal systems involving 3d orbitals
such as Co. In contrast, classical force-field-based MD is
computationally efficient but highly dependent on the choice of
interaction models and the refinement of empirical parameters.
Recently, NNPs trained on extensive DFT data have demon-
strated high accuracy and efficiency.* Therefore, we employed
the PFP*® provided in Matlantis software as a pretrained NNP.
The PFP was developed on the basis of more than 10" DFT
calculations, enabling significantly faster MD simulations than
DFT-MD simulations without compromising the computational
accuracy.

The structure of P2-Na, sCoO, was based on the structural
model mp-867515 from the Materials Project*” (space group:
P6;/mmc; a = b = 2.88 A, ¢ = 10.39 A, and Z = 2). A super-
structure model, Nag;5C0,63501536, Was generated by applying
the transformation matrix ((12, 4, 0), (4, 12, 0), (0, 0, 3)) to this
model and randomly introducing 20% vacancies at the Na-ion
sites. Similarly, for O3-type Ay sCoO, (A = Li or Na), models
mp-22526 (LiCoO,, space group: R3m; a = b = 2.88 A, ¢ = 15.44
A, and Z = 3) and mp-18921 (NaCoO,, space group: R3m; a = h =
2.81 A, ¢ = 13.9 A, and Z = 3) from the Materials Project were
used. Superstructure models with the composition
A461C05760115, Were created using the transformation matrix
((6, —6, 0), (8, 8, 0), (0, 0, 2)) and introducing 20% random
vacancies at the A-ion sites. Structural relaxation and MD
simulations in the canonical ensemble (NVT) were conducted
using the Atomic Simulation Environment.”® The lattice
parameters for the NVI-MD calculations were set to those
optimized via structural relaxation. For the lattice models used
in this study, MD simulations at 298 K for 1 ns indicated that
the frequency of Li*-ion hopping events is too low for reliable
quantification. Therefore, MD simulations were conducted at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperatures ranging from 400 to 1000 K, with a simulation
duration of 1 ns at each temperature.

To validate the accuracy of NNP, we compared it with MD
calculations based on DFT. For the superstructure models, DFT-
MD simulations were performed at 400 and 1000 K for several
picoseconds. Structural datasets extracted from DFT-MD
trajectory snapshots were used to evaluate energy and forces
within the NNP, and the results were compared with those from
the DFT-MD calculations. DFT-MD simulations were carried out
using VASP* for three lattice models at two simulation
temperatures: 400 and 1000 K. The projector-augmented-wave
(PAW) method*® and the revised Perdew-Burke-Ernzerhof
functional for solids were used to describe the exchange-
correlation interactions within the GGA.*>* A cutoff energy of
350 eV was applied, and the I'-point was selected for the k-point
mesh. On-site coulombic corrections (DFT + U)*"** were applied
to the localized electronic states of Co and Ni ions, with U values
for the Co 3d orbitals set to 3.32 eV.**%*

Results and discussion
Operando |*SR for determining D’

Fig. 2A shows the three-electrode operando 'SR cell with a Ti-
foil window. The field distribution width (4) and field fluctua-
tion rate (v) as functions of x (A" = Li" or Na") for 03-Li,C00,,*®
P2-Na,C00,,"* and 03-Na,CoO, are shown in Fig. 2B. As x
decreased in A,Co0,, 4 gradually declined. The lower 4 value
for Na,CoO, compared with that for Li,CoO, can be attributed
to the smaller nuclear magnetic moment of Na relative to that of
Li, as well as the longer Na-Co distance in the structure. The v of
the nuclear magnetic field in A,Co0O,, detected via operando
1SR, corresponds to the Li" or Na* hopping rate and remained
dynamic across the entire range of x (vide infra).

Fig. 2C and D show a comparison of D' (calculated from the
measured ») with the corresponding voltage profiles. According
to density functional theory (DFT) calculations for O3-Li,/;3C00,
(see Computational methods), the implanted p" is predicted to
be localized near the O*~ ions around the Li vacancy, forming
a stable O-H-like bond. The pu' resides at the bottom of
a potential well that is approximately 2 eV deep. Despite its
quantum nature, the implanted p* effectively “senses” the
fluctuating nuclear magnetic field caused by Li* diffusion from
a fixed position. This interpretation differs from that of previous
work,* in which the optimized structural changes induced by
the implanted u" and its resulting stability were not considered.

Operando p'SR: 03-Na,Co0, vs. P2-Na,CoO,

Fig. 2C shows a comparison of the results for 03-Na,CoO, with
those of previously reported P2-Na,Co0,.'* Based on prior
studies, Dk, was calculated assuming Na* hops between regular
sites via face-sharing P sites (P2; Fig. 2E) or interstitial Th sites
(0O3; Fig. 2F) in the alkali-metal layer, similar to the case in 03-
Li,C00,.""* For both 03- and P2-type structures, Dk, ranged
from 107'? to 10! cm? s™'. Notably, D%, remained relatively
stable during Na' extraction upon charging at room
temperature.

Chem. Sci., 2025, 16, 19990-20001 | 19993
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Fig. 2 Operando muon spin rotation and relaxation (u*SR) analysis of P2-Na,CoO,, O3-Li,CoO,, and O3-Na,CoO,. (A) Three-electrode
operando p*SR cell with a Ti-foil window positioned between two positron counters. (B) x-Dependent field distribution width (4) and field
fluctuation rate (v) for A,CoO, measured by operando u*SR. (C and D) Comparison of charge—discharge curves and self-diffusion coefficient (D7)
between P2- and O3-Na,CoO, (C) and O3-Li,CoO, and O3-Na,CoO, (D) determined from ». The open circles indicate the discharge process of
P2-Na,Co0,. For 03-Na,Co0,, D’ was calculated assuming an O-type hopping pathway in the range 0.688 < x < 1 and a P-type pathway in the
range x < 0.688, reflecting the O3—P3 phase transition (see Experimental section). (E and F) Diffusion pathways in P2-type (E) and O3-type (F)
layered oxides used for the calculation of D”. For the LiCoO,//Li cell, the electrolyte was 1 mol dm~> LiPFg in ethylene carbonate (EC)/dimethyl
carbonate (DMC) (EC: DMC =1:1in volume ratio). For Na cells with O3- and P2-Na,CoO,, the electrolyte was 1 mol dm~3 NaPFg in EC/diethyl
carbonate (DEC) (EC : DEC = 1:1in volume ratio) with 2 vol% fluoroethylene carbonate. Data were obtained by fitting the transverse-field (TF),
zero-field (ZF), and longitudinal-field (LF) u*SR spectra (see Experimental procedures and previous publications**¢). Data for O3-Li,CoO, *> and
P2-Na,CoO, *¢ were derived from the literature. Phase assignments are based on previous reports®-83° and Fig. S1. Hybrid O3 and O1 (H1-3)

phases in Li,CoO, and distorted O’3 and P’3 phases in Na,CoO, are ignored for simplicity.

Several stable phases in Na,CoO, correspond to potential
jumps in the charge curve owing to Na‘/vacancy ordering (e.g.,
at x = 1/2, 2/3, etc.).>**” However, Di,(x) did not exhibit the
sharp reduction typically observed in the Dg,(x) curve obtained
via GITT.* This difference arises because GITT measures
DR, which reflects the overall ion flow, whereas p*SR measures
DL, which represents the local Na* jump rate. Although Na* can
jump cooperatively while maintaining local Na' order, long-
range Na' transport is strongly suppressed by Na" ordering.

This difference highlights the unique capability of the n"SR
method to probe DY, independently of large-scale transport
effects. As 1SR, nuclear magnetic resonance, and quasi-elastic
neutron scattering measure the local jump rates of Li" and Na,
the observed discrepancy between D' and D® appears to be
a common feature of these techniques when compared with
electrochemical methods." In addition, it is important to
consider the differences in the time windows and length scales
probed by each technique. For example, p'SR,* quasi-elastic
neutron scattering,” and solid-state nuclear magnetic

19994 | Chem. Sci, 2025, 16, 19990-20001

resonance (NMR)** detect spin-lattice relaxation times (7;) as
indicators of ion dynamics at local and relatively short ranges
(microscopic), while PFG-NMR* measures ion displacements
over longer distances (macroscopic). These probe differences
can also result in variations in diffusion coefficients estimated
by different techniques.* It is therefore highly valuable to
compare diffusion behaviors across the entire compositional
range using operando techniques that provide a unified
measurement and analysis framework, minimizing discrep-
ancies arising from the differing experimental characteristics.
The 03-Na,CoO, phase is typically obtained at approximately
x = 1, whereas P2-Na,CoO, is stable at approximately x = 0.7
when synthesized at high temperatures. The phase transition
accompanying Na' extraction from P2-Na,CoO, has been
extensively studied.*® Although numerous stable phases exhibit
Na'/vacancy ordering (e.g., x = 1/2, 2/3, etc.), the P2-type struc-
ture remains stable throughout the entire voltage range below
4 V (Fig. 2C).* The DY, in P2-Na,CoO, decreased gradually as
Na' was extracted. In contrast, for x = 0.85-0.7, the DL, in 03-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Na,CoO, was significantly lower than the Dk, in P2-Na,CoO.,.
However, for x < 0.7, the DL, values for both structures became
nearly identical. 03-Na,CoO, undergoes a structural transition
from O3 to O'3, then to P’3 (and P3) with decreasing x.*® Fig. S1
confirms the transition to a P3 (or P'3) phase at x < 0.7. In this
study, D' was calculated assuming a constant jump distance (s)
across the entire x range, disregarding lattice parameter
changes during Li"/Na" intercalation and deintercalation. This
assumption is not entirely accurate. For example, the jump
distance used for 03-Na,Co0, is s, = 1.75 A (from powder XRD,
Fig. S2), whereas the value calculated at x = 0.3 in 03-Na,CoO,
(from operando XRD, Fig. S1) is 1.73 A. However, because D’ is
proportional to s> (see Experimental section), this difference
corresponds to only ~2% in the calculated diffusivity: (1.75/
1.73)> = 1.02. This indicates that lattice variation has a negli-
gible impact on the estimated D'. Moreover, the jump distance
derived from the reported O'3-Na,s,C00, (C2/m) phase®—
converted into the pseudo-O3 (R3m) structure—was also found
to be s = 1.73 A, suggesting that structural distortion likewise
has minimal effect on the jump distance.

We next addressed the O3-to-P3 phase transition that occurs
upon charging 03-Na,Co0,. Since the equation for D' differs
between O-type and P-type phases - D' = » x s%/6 for O-type and
D' = x (2 — x) x 5°/6 for P-type—the dependence on x becomes
more significant at lower Na content. For x < 0.688, where P3 is
expected to dominate, we used the P-type pathway for D'
calculation; for 0.688 < x < 1, we retained the O-type assump-
tion. Although O3/P3 phase fractions were not explicitly
considered, Fig. S3 shows that diffusion coefficients for O3-
Na,CoO, calculated under the assumption of a purely O-type
phase over the entire composition range deviate only slightly.
This suggests that O3/P3 phase coexistence has a negligible
influence on the derived diffusion coefficients.

The D, values for x = 0.85-0.7 in Fig. 2C reflect the distinct
Na' diffusion behavior in the O3-type (or O'3-type) structure
compared with the P2-type structure, with the P2-type structure
exhibiting significantly higher Dk, values in this x range. This
difference arises from inherent structural variations that affect
ion migration pathways. In the O-type structure, Na* hops from
a regular Oh site to a vacant Th interstitial site, bringing Na*
closer to the O*>~ ions within the CoO, slabs—a transition that
requires higher activation energy (Fig. 1B). In contrast, in the P-
type structure, Na' ions move from a regular site to a vacant
face-sharing site without shifting their height along the c-axis,
resulting in a lower potential barrier between the two P-type
sites than in the O3 structure and a higher hopping rate.
These findings align with a previous report indicating that P2-
type structures exhibit higher ionic conductivity than O3-type
structures.*® In addition, DFT calculations revealed that the
activation energy for Na' diffusion in an O3-type structure is 100
meV higher than that in a P2-type structure, indicating that the
stronger electrostatic attraction between Na“ and O>~ ions in
O3-type structures creates a more constrained diffusion
pathway, making Na" migration more difficult.”’

At x < 0.7, 03-Na,Co0O, transforms into P3-Na,CoO,. In both
P2- and P3-type structures, Na' diffusion is assumed to occur
between the P site and the face-sharing vacant P site. In P2-type
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structures, two distinct Na* sites exist within the lattice: the Pg¢
site, which shares faces on both sides of the CoO, slab, and the
P._. site, which shares edges on both sides of the CoO, slabs
(Fig. 1B).>*® Conversely, P3-type structures contain P¢ . and P ¢
sites, which combine face-sharing and edge-sharing configura-
tions. This structural difference minimizes repositioning
between cationic sites, potentially lowering the barrier for Na*
migration compared with that in P2-type structures.*®* However,
conventional diffusion assessments—such as rate performance
and GITT measurements—often use composite electrodes,
which complicates interpretation. The superior rate perfor-
mance of P3-type structures could stem from the smaller
primary particles and/or lower crystallinity, both of which result
from lower synthesis temperatures than those used for P2-type
structures (Fig. S2). These factors increase the surface area and
shorten the Na" diffusion distance from the particle surface to
its center. The rate performance of an insertion-material elec-
trode depends significantly on the particle size of the active
material and the quality of the composite electrode, making
direct comparisons between different materials or polymorphs
difficult. In contrast, u"SR measured the intrinsic D, for both
P2-Na,CoO, and P3-Na,Co0,, revealing that the DL, values for
the two phases were nearly identical (or slightly higher for P3-
phase, Fig. 2C). This result indicates that the implanted p"
“senses” the fluctuating local nuclear magnetic field regardless
of the grain size or composition of the composite electrode
owing to its point-charge nature. Although a slightly higher D’
for P3 phase was observed, the absence of significant differ-
ences between P2- and P3-type structures may stem from the
relatively large interlayer distance in P-type structures, which
reduces the impact of differences between Pr_¢ and P (or P._g)
sites. The similarity in the potential curves for P2- and P3-type
structures further supports this conclusion.*

Operando p'SR: 03-Na,Co0, vs. 03-Li,Co0,

Fig. 2D shows a comparison of the Di,(x) curve for 03-Na,CoO,
and the DJ;(x) curve for 03-Li,Co0,. For the entire x range, the
DL, in 03-Na,CoO, was consistently lower than the D]; in 03-
Li,Co0,, except at x = 1. A notable decrease in the D; in 03-
Li,CoO, at x = 1-0.9 was observed. This reduction is likely due
to the full occupancy of regular Li sites in the LiCoO, lattice,
which significantly restricts Li" jumps to face-sharing Th
interstitial sites because of competition between Li' ions. A
similar trend was reported in alternating-current impedance
measurements.”® In contrast, 03-Na,CoO, did not exhibit
a sharp decrease in DL, at x = 1, maintaining values of
approximately 10~"" em? s™'. This difference could stem from
oxygen deficiency (Na,CoO,_,), which might enhance Na’
diffusion even in compositions where x is approximately 1.>
The presence of oxygen vacancies in 03-Na;CoO,_, could
mitigate the decrease in D observed in 03-Li;Co0O, under full
Li" occupancy. Although no specific reports have addressed
oxygen deficiency in O3-Na;Co0,, it has been suggested that
oxygen vacancies are more likely to form in P2-Na,CoO, *>**
than in O3-LiC00,.>* Another factor to consider is the difference
in interlayer spacing between adjacent CoO, planes in LiCoO,
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and NaCoO,. At x = 1, where full occupancy is achieved, the
narrower spacing in LiCoO, imposes greater restrictions on
ionic diffusion compared with NaCoO,, resulting in a sharp
decrease in the diffusion coefficient near full occupancy.
However, this remains a hypothesis, and further detailed
investigations are required to clarify this discrepancy.

The phase evolution behavior of 03-Li,CoO, upon Li
extraction has been extensively studied,**® revealing the
formation of a monoclinic phase at x = 0.5 owing to Li*/vacancy
ordering. As x decreases below 0.2, it transitions from an H1-3
to an O1 phase. However, apart from the specific case of x =
0.5, the O3-type structure remains stable across the entire range
when x > 0.2. Similarly, O3-Na,CoO, undergoes a phase transi-
tion to the P3 phase when x decreases below 0.7.>” Therefore,
a direct comparison of D}; and DY, within the same O3 phase is
valid in the x = 0.7-0.9 range. Within this range, the D}, in 03-
Li,CoO, was higher than the DL, in 03-Na,Co0,. This differ-
ence can be attributed to the different ionic radii of Li* (0.76 A)

A P2-Na, zCo0,

B 03-Lij5C00,
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and Na' (1.02 A) in Oh coordination. The larger ionic radius of
Na' results in a lower charge density and weaker Lewis acidity
than Li*. The lower Lewis acidity of Na* weakens its interaction
with the anion framework, which might increase the diffusivity.
For example, in liquid electrolytes, the ionic conductivity
follows the order Li* < Na* < K',*” as weaker Lewis acids interact
less strongly with solvent molecules, reducing their hydrody-
namic radii and increasing mobility. However, diffusion in
solid-state layered oxides follows hopping diffusion rather than
solvated ion diffusion (translational diffusion) in liquid elec-
trolytes. Consequently, two competing factors influence Li* and
Na" diffusion in these materials: (1) the larger ionic radius of
Na' hinders the diffusion process, while (2) its weaker Lewis
acidity facilitates it. Fig. 2D demonstrates that the ion size plays
a dominant role because Li' diffusion is faster in the O3
framework. Nevertheless, the overall difference is relatively
small, likely due to the balancing effects of these two opposing
influences. Notably, although O-type structures are less

C 03-Na, 5Co0,
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Fig. 3 Diagnostic plots for neural network potential-molecular dynamics (NNP-MD) simulations. (A—C) Comparison of lattice energy and atomic
forces evaluated using density functional theory (DFT) and NNP for structures of P2-Nag gCoO5 (A), O3-Lip gCoO, (B), and O3-Nag gCoO, (C)

extracted from the trajectories obtained via DFT-MD (NPT ensemble)
values from MD simulations at 400 and 1000 K, respectively, whereas
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simulations at 400 and 1000 K. The top and middle rows show energy
the bottom row shows a comparison of the forces acting on the ions.
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favorable for diffusion than P2-type structures because of their
zigzag diffusion pathway, the D; in 03-Li,CoO, was higher than
the DL, in P2-Na,CoO,. This result highlights the superior
diffusion capability of Li* compared with Na'. Although Di; >
DX, the magnitude of Dk, was comparable to that of the D}; in
A,C00,, highlighting the potential of Na'-based layered oxides
as viable alternatives to current lithium-ion battery materials.
Beyond layered oxide systems, the 'SR technique is broadly
applicable for probing ion dynamics in a variety of functional
materials. Because a positive muon (u') can be regarded as
a light isotope of the proton, it is commonly employed as an
analogue to investigate the dynamics and site-specific interac-
tions of hydrogen species in solid-state matrices. Consequently,
it has been applied to hydrogen-related materials such as
proton-conducting oxides® and hydrogen storage compounds
including NaAlH,, LiBH,, and MgH,.” Extending the use of
operando-u*SR to such systems could enable the direct obser-
vation of hydrogen dynamics under operating conditions.®® This
opens up new opportunities to investigate ion transport
mechanisms in functional materials beyond battery systems.

Li and Na diffusion by NNP-MD

To further investigate the correlation between diffusion
behavior and structural properties, we used computational
approaches to simulate ion migration pathways and compare
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Li* and Na* diffusion in O3 and P2 frameworks. The D’ values
were validated using NNP-MD simulations of Li* and Na'
diffusion in layered oxides. Fig. 3 shows diagnostic plots
comparing the energy and forces acting on atoms obtained
from DFT-MD calculations at 400 and 1000 K for three struc-
tural models, P2-Nay gC0o0,, 03-Li, gC00,, and O3-Na, 3CoO,,
against the corresponding outputs from NNP using the same
structural inputs. For all models, the root mean square error
(RMSE) for the energy difference was within 5 meV per atom,
while force differences were below 0.2 eV A™*, indicating good
agreement. These results confirm that the pretrained NNP used
in this study, preferred potential (PFP), successfully reproduces
the DFT-calculated properties of A, sC00O,.

Fig. 4A-C show the final structures obtained after a 1 ns MD
simulation performed at 1000 K. In A,3Co0O,, the layered
structure enables the CoO, slabs to slide, allowing phase tran-
sitions from P2 to O2 and from O3 to P3 upon alkali-ion de-
intercalation.®* However, no layer-sliding phase transitions were
observed in any simulation. The oxygen network shown at the
bottom of Fig. 4A-C remained unchanged, retaining the char-
acteristic P2- or O3-type structure. Therefore, in the following
discussion, the MD simulation results are interpreted assuming
that structural phase transitions involving changes in stacking
order did not occur.

The mean squared displacement (MSD) of Li* and Na" ions
at 500 K increased linearly with time (Fig. 4D), indicating their

E
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X 03-NapgCo0,
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i

Fig. 4 NNP-MD simulations of P2-Nag gCoO,, O3-LipgC00,, and O3-Nag gCoO,. (A—-C) Crystal structures of P2-Nag gCoO; (A), O3-Lig gCoO,
(B), and O3-Nag gCoO5 (C) after 1 ns of NNP-MD simulation at 1000 K. (Top) Arrangement of alkali ions and CoOg octahedra; (bottom) oxygen—
oxygen bond network. Even after MD simulation at 1000 K, the oxygen framework remained unchanged from the original P2 and O3 models. (D)
Mean squared displacement (MSD) plots of alkali-metal ions in P2-Nag gCoO,, O3-LiggCo00O,, and O3-NaggCoO, obtained from NNP-MD
simulations at 500 K. (E) Arrhenius plots of diffusion coefficients derived from NNP-MD simulations conducted between 500 and 800 K. (F-H)
Population density distributions (orange isosurface) of alkali-metal ions in P2-Nag gCoO5 (F), O3-Lig gCoO; (G), and O3-Nag gCoO, (H) obtained
from NNP-MD simulations at 500 K for 1 ns. Enlarged views of alkali-metal-ion diffusion within the red dashed frames are shown on the right. In
P2-Nap §CoO,, Na* ions occupy prismatic Na sites (P1 or P2) and migrate by hopping to adjacent face-sharing prism vacancy sites. In contrast, in
03-LipgCo0, and 03-NaggCoOs, Li* and Na*t ions jump between octahedral sites (Oh) via face-sharing tetrahedral (Th) interstitial sites.
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Table1 Migration energies and extrapolated diffusion coefficients at 300 K for P2-Nag gCoO,, O3-Lig gCo0O,, and O3-Nag gCoO, derived from

the Arrhenius plots shown in Fig. 4E

03-Lig gCo0, 03-Na, sCo0,

Property P2-Nay gCoO,
Migration energy (eV) 0.15
Diffusion coefficient at 300 K (cm?* s~ ") 52 x 10°®

diffusion in the lattice. In contrast, the MSD of Co and O ions
remained constant over time, reflecting only thermal displace-
ment (data not shown). This finding confirms, as previously
mentioned, that the CoO, slabs do not slide. The temperature
dependence of the diffusion coefficients evaluated from the
slopes of the MSD plots is shown as Arrhenius plots in Fig. 4E.
The linear relationship observed between 500 and 800 K
enabled the determination of the activation energy and
extrapolated diffusion coefficients at room temperature
(Table 1). Additionally, the diffusion coefficient value (2.0 X
10~% em? s~ ") for 03-Li, sC00, at 300 K obtained from NNP-MD
was consistent with the DFT-MD-derived value (5.3 x 10~° cm?
s') for 03-Ligs;C00, at 300 K.** At room temperature, the
diffusion coefficient of 03-Na,3CoO, was approximately one-
tenth that of P2-Na, 3CoO, and approximately one-fifth that of
03-Lig sC00,. This ranking (P2 > O3 and Li* > Na") is consistent
with the diffusion trends obtained from p*SR measurements, as
shown in Fig. 2. Despite the above consistency between the
1'SR- and NNP-MD-derived diffusion coefficients, a discrepancy
emerges when comparing 03-Li, gCoO, and P2-Na, gCoO,. The
NNP-MD simulations predict a slightly higher diffusivity for P2-
Na, sCo0,, whereas the 'SR results indicate that the two
compounds are nearly identical at x = 0.8 (both ~1.7 x 10"
em?” s™h). It is important to note that the two techniques probe
fundamentally different aspects of ion transport. p'SR
measures the local ion jump frequency (v) and derives the self-
diffusion coefficient D', which reflects how frequently ions
attempt to move between adjacent sites. In contrast, NNP-MD
evaluates the tracer diffusivity D***** from the MSD over time,
representing the actual spatial migration of ions.

In systems where ions frequently undergo forward-backward
hopping within confined regions, "SR may detect a high jump
rate and yield a larger D', even if the net displacement is limited.
Conversely, in such cases, D* from MD can appear lower. In the
opposite scenario of cooperative or concerted ion migration
that enhances net displacement, D* may exceed D.%* As the
diffusion coefficients of 03-Liy 3CoO, and P2-NajgCoO, ob-
tained by p'SR and NNP-MD show only a small difference,
a quantitative comparison requires careful consideration of the
differences in time window, length scale, and the definitions of
diffusion inherent to each method. Apparent discrepancies are
likely to stem from these intrinsic differences in measurement
principles.

Fig. 4F-H show the Li" ion population density distribution
for the three structural models. To facilitate visualization, the
superstructure models were reduced to their original hexagonal
lattice sizes, with the population density overlaid. The Li* or Na*
ions exhibit two-dimensional diffusion parallel to the a- and b-
axes and plane. In P2-Na;3Co0O,, ion migration follows

19998 | Chem. Sci, 2025, 16, 19990-20001

0.19
2.0 x 1078

0.28
4.3 x 107°

a straight pathway through the centers of prismatic polyhedra
formed by six oxygen atoms. Na' ions diffuse via the center of
the prism faces, creating interconnected diffusion pathways in
six directions. In contrast, the diffusion pathways in O3-
Lig sCo0O, and 03-Na, gCoO, involve hopping from the center of
an Oh site to a neighboring Oh site via a Th site (denoted by Oh
and Th symbols in Fig. 4G and H).

These diffusion pathways are consistent with the hopping
mechanism inferred from the "SR analysis. A key bottleneck in
O3-type structures occurs at the triangular face shared between
the Oh and Th sites, where significant repulsive forces likely
arise due to overlapping electron clouds of Li* or Na* ions and
oxide ions. Because Na' has a larger ionic radius than Li", its
migration energy is higher. This finding is consistent with
a previous study reporting higher activation energies for Na*
migration, such as in 03-NaCoO, (0.46 eV) compared with O3-
LiCoO, (0.36 eV),* further supporting this discussion. Mean-
while, the rectangular prism faces in P2-Na,gCoO, provide
a more open bottleneck for Na* diffusion than those in 03-type
structures. Consequently, the migration energy of Na* in O3-
Nay sC00, is higher than that in the P2-type structure (Table 1).

Conclusions

In summary, we systematically evaluated the D’ in Li,CoO, and
Na,CoO, in P2 and O3 polymorphs using an operando p'SR
technique and NNP-MD simulations, regardless of the particle
size and composite electrode composition. The results indicate
that P2-type structures exhibit a higher diffusion coefficient
than O3-type structures because of their translational diffusion
pathway (Fig. 5). In addition, Li" ions demonstrate superior
diffusion capabilities compared with Na" ions, primarily due to

P2-Na,Co0,

03-Na,Co0,

Higher diffusion

\_bottleneck

03-Li,C00,

<)

03-Na,Co0,

Higher diffusion

\_lower barrier

Fig. 5 Schematic of the diffusion behavior in P2-Na,CoO,, O3-Liy-
Co0O,, and O3-Na,CoOs.
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their smaller ionic radius. Although the stronger Lewis acidity
of Li" is expected to enhance interactions with the layered oxide
framework, the smaller ionic radius appears to be the dominant
factor facilitating diffusion. This study highlights the crucial
role of polymorphism and ion size in governing the diffusion
behavior of solid-state ion conductors. The results provide
valuable insights into the development of efficient electrode
and electrolyte materials for next-generation energy storage
systems.
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