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ARTICLE INFO ABSTRACT

Keywords: Understanding ion diffusion mechanisms in layered materials is critical for advancing next-generation battery
NaCoO, technologies. Using the well-characterized Na,CoO, (NCO) system as a model platform, we investigated
I‘;“ diffusion the temperature-dependent diffusion properties across a broad compositional range (x = 0.33 — 0.89) using
Phonons

muon spin relaxation (4*SR). Unexpected low-temperature internal magnetic field fluctuations were observed,
systematically varying with Na content and appearing well before the onset of long-range diffusion. These
fluctuations are attributed to phonon-assisted local Na motion, as suggested by a systematic increase in A
with x, concurrent with a decreasing activation energy. The diffusion coefficient was calculated based on
the crystal structure using a tailored diffusion model accounting for two inequivalent Na sites, yielding values
consistent with those found in other layered battery materials. This work highlights the crucial role of phonon-
coupled diffusion mechanisms in enabling ion transport at the microscopic scale, providing new insights into
ion dynamics in layered solid-state conductors and their relevance to sodium-ion battery technology.

Muon spin relaxation

1. Introduction magnetic fluctuations [4,5]. In contrast, u*SR enables separation of
magnetic and nuclear contributions to the local field, allowing precise
extraction of ion hopping rates over a broad timescale [6,7]. This
makes u*SR particularly powerful for testing not only the rate of ion
motion, but also the underlying mechanisms—especially in cases where
conventional models fail to explain observed transport behavior.

Na, CoO, (NCO) is an ideal testbed for probing ionic motion, com-

Understanding the microscopic mechanisms of ion diffusion in
solids is essential for the development of high-performance energy ma-
terials. In crystalline electrolytes and electrode materials, ions typically
migrate via well-defined pathways, governed by mechanisms such as
vacancy or interstitial hopping [1]. While macroscopic electrochemical
techniques have advanced our understanding of bulk transport proper-

ties, they offer limited insight into these atomic-scale processes. Surface
effects, interface resistance, and poorly constrained geometries often
obscure the true nature of ion motion within the lattice [2,3].

To probe diffusion mechanisms directly, local measurement tech-
niques like nuclear magnetic resonance (NMR) and muon spin relax-
ation (4 *SR) have become indispensable. NMR can provide site-specific
diffusion information, but is often limited in systems with strong mag-
netic interactions, where spin-lattice relaxation becomes dominated by

bining both practical relevance and a well-characterized diffusion
framework. As the sodium analogue of LiCoO,—a cornerstone of com-
mercial Li-ion batteries—NCO has been intensely studied for its rich
phase diagram [8] and strong electron-lattice correlations. Yet, in-
consistencies in solid-state synthesis have historically hindered repro-
ducibility, due to phase inhomogeneities and uncontrolled Na-vacancy
arrangements [9,10]. Recent advances in electrochemical de/intercal-
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Fig. 1. Zero Field (ZF) and Longitudinal Field (LF with H;z = 5 and 10 G) u*SR time spectra collected at T = 100 K for electrochemically cycled Na,CoO,

samples with different Na-content (x).

ation now permit precise control of Na content (x) across the full
compositional range, yielding long-range ordered superstructures with
well-defined Na/vacancy distributions [11]. These advances allow for
systematic studies of Na-ion diffusion under clean, structurally resolved
conditions.

Importantly, the known Na diffusion pathways in NCO—particularly
in the layered P6;/mmc and Pmmn structures—allow us to directly
test how lattice structure and ion content influence microscopic trans-
port [12]. In this study, we use y*SR to investigate Na-ion dynamics
across four well-defined compositions: x = 0.33, 0.5, 0.7, and 0.89. We
report an unexpected onset of internal field fluctuations at temperatures
well below the thermal activation threshold for long-range Na diffusion.
Given that the diffusion network is otherwise well understood, we
attribute this behavior to phonon-assisted local ion motion—suggesting
that low-energy lattice vibrations may play an active role in mediating
ion transport.

By quantifying the temperature-dependent fluctuation rates and ex-
tracting activation energies, we show that the Arrhenius pre-factor (A)
increases systematically with x, even as the activation barrier decreases.
This trend is particularly striking given that the crystallographic c-
axis contracts with increasing x—a structural change typically associ-
ated with reduced ionic mobility. Instead, our results point toward a
strong coupling between Na-ion motion and vibrational modes, with
increasing phonon density of states facilitating diffusion as the lattice
contracts along the c-axis. These findings offer compelling evidence
for a vibration-ally assisted diffusion mechanism in a structurally well-
characterized system, and suggest new design strategies for fast ion
conductors through lattice dynamics engineering.

2. Results
2.1. Muon spin relaxation

Fig. 1 displays the ZF+LF time spectra collected at T = 100 K
for the measured samples (i.e. x = 0.33, 0.5, 0.7 and 0.89). A clear
Kubo-Toyabe (KT) type of depolarization is manifested in the time
spectrum. The sample contains Na, O and Co atoms with Iy, = 3/2,
Ic, = 7/2 and mainly I, = 0, suggesting that the KT relaxation
originates from randomly oriented static nuclear Na and Co moments.
This premise is confirmed by the application of LF, where weak fields
manage to decouple the time spectrum. For the x = 0.89 compound
though, the initial depolarization is more exponential like compared
to the other compositions. Therefore, the ZF+LF time spectra were
fitted by a dynamic Gaussian KT (GP9KT), an exponential decay and
a non-depolarizing asymmetry component (background, BG):

Ao P (1) = AgrG ¥ T (Hy g, Agr, vir, e K11

+ Ape ' 4 Agg, (€))

where A, is the initial asymmetry determined by the experimental
setup and P,y is the muon spin polarization function in ZF + LF
configuration. Agy, Agt, vkr and Agp are the asymmetry, field dis-
tribution width, field fluctuation rate and the exponential relaxation
rate for the KT while Apg corresponds mainly to the fraction of muons
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Fig. 2. Temperature dependence of (a) field distribution width (4x.), (b) field
fluctuation rate (vgy), and (c) natural logarithm of (vgr). The solid line in (b)
is a fit using an Arrhenius model with an offset, included as a guide to the eye.
The solid line in (c) is a linear fit, with the results tabulated in Table 1. The
highest temperature points for (x = 0.7) have been cropped in (b) for clarity,
but all data points are included in (c) for the given temperature range. Data
are shown up to 200 K because the lower temperature initial fluctuation rate
tends to saturate above this temperature, which provides a uniform comparison
region across the different crystal structures.

stopping inside the Ti sample holder. A; and Ap are the asymmetry
and relaxation rate for the initial faster relaxation seen in the x = 0.89
compound (i.e. Ap =0 for x =0.33, 0.5 and 0.7).

The temperature-dependent Kubo-Toyabe (KT) parameters,
obtained using Eq. (1) (see Appendix A), are shown in Fig. 2. The
absolute value of Agy reflects the coupling between the implanted
muon and the surrounding nuclear moments. Therefore, differences
in Agr between samples at T = 100 K originate from variations in
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Table 1
Fit results of the line in Fig. 2(c) using y = a + bx, based on the natural
logarithm of Arrhenius equation: vy = Ae Fa/ksT.

x a b E, [eV] A

0.33 6.53 (95) —3.55 (41) 0.306 (36) 683 (647)
0.5 7.28 (45) -3.30 (18) 0.285 (15) 1455 (651)
0.7 7.78 (57) -2.96 (21) 0.255 (18) 2394 (1351)
0.89 - - - -

Na/vacancy ordering. As expected for diffusive systems, A decreases
monotonically with increasing temperature, consistent with motional
narrowing caused by enhanced internal magnetic field fluctuations. The
lower 4 value for x = 0.5, compared with x = 0.33, is related to change
in the local muon site due to changes in the crystal symmetry [13].
Specifically, x = 0.5 has an orthorhombic symmetry while x = 0.33 has
a hexagonal symmetry [14].

Consistent with the observed temperature dependence of 4, the
internal field fluctuation rate (vgy) increases with rising temperature.
This exponential growth follows a typical thermally activated process
and is well described by the Arrhenius equation, aligning with the
previously reported 1D long-range Na* diffusion in NCO [12]. This
trend is more apparent in the natural logarithm plot of vgr shown
in Fig. 2(c). The observed linear behavior confirms Arrhenius-type
dynamics, where the slope yields the activation energy (E,) and the
intercept corresponds to the A, as summarized in Table 1 for each Na
content x. The extracted activation energies are comparable to those
from first-principles calculations for x = 1, which report E, ~ 0.35 eV
[15]. A gradual decrease in E, is observed with increasing x, consistent
with prior studies on non-cycled NCO samples [16].

A notable feature, however, is the slow and monotonic increase in
vkt at low temperatures, preceding the exponential rise. This deviation
from linearity is clearly visible in Fig. 2(c) and corresponds to the initial
gradual upturn seen in Fig. 2(b). Importantly, this low-temperature
contribution shifts the entire Arrhenius trend upward, thereby directly
impacting A while leaving the activation energy largely unaffected.
This low-temperature behavior suggests a distinct dynamical process,
which is discussed in detail in Section 3. The x = 0.89 sample is
excluded from Fig. 2(c) due to its negligible temperature dependence.
Although the reason is not fully understood, one possible explanation
is a reduction in the number of vacancies as x — 1, given that Na-ion
diffusion is vacancy-driven.

2.2. Diffusion coefficient

The diffusion coefficient (D) may be estimated from the x*SR data
given that the crystal structure is known. Previous XRD show the pres-
ence of superstructure peaks in electrochemically cycled NaCoO, [11].
Such superstructure peaks were assigned to long range Na ordering. In
other words, the difference between crystal structure of the cycled and
non-cycled NCO compounds may be crudely assigned to difference in
occupancies for different Na sites. While such an approximation is not
ideal, dealing with big superstructures for calculating diffusion coeffi-
cient is not convenient. Therefore, the following calculations are based
on non-cycled crystal structures but with adjusted occupancies: space
group P6;/mmc for x = 0.33 [17] and 0.7 [13]. This approximation is
validated by a neutron diffraction study on electrochemically cycled
NCO, which was well refined using the P6;/mmc with adjusted Na
occupancies [13].

To estimate the diffusion coefficient, the diffusion paths within the
crystal structure must first be identified. For Na,CoO,, neutron diffrac-
tion measurements have previously established that Na-ion transport
proceeds via quasi-1D diffusion at room temperature, transitioning to
2D diffusion above 400 K [12]. These paths are confirmed in the present
study through charge density and bond valence sum (BVS) calculations,
as shown in Fig. 3. The nominal Na sites are clearly resolved, with low
energy barriers between them, indicating that Nal«<Na2 hopping is the
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x=0.7 and 0.33

Fig. 3. The crystal structure of Na,CoO, for (a) x = 0.7 and 0.33 (space group
P6,/mmc) and (c) x = 0.5 (space group Pmmn). Charge density cuts at the Na
layers where the position of Nal and Na2 are indicated within the unit cell for
(b) x =0.33 and 0.7, along with (c) x = 0.5. The Bond valence (BV) calculation
map highlighted in blue are included as well in (b) for x = 0.33 and 0.7 and
in (d) for x = 0.5. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

most energetically favorable route. This conclusion is supported by the
BVS maps in Fig. 3(b), which highlight the same diffusion pathways.
Both computational methods yield consistent results for x = 0.33 and
0.7. For completeness, we also performed similar calculations for the
x = 0.5 compound [Figs. 3(c,d)], although diffusion coefficient analysis
is restricted to x = 0.33 and 0.7, where the diffusion paths have been
experimentally verified [12].

The diffusion coefficient was first estimated from x*SR data in
LiCoO,, where the results agreed well with first-principles calcula-
tions [6]. Since then, similar approaches have been applied to a variety
of Li and Na systems [6,18-22]. In the present case however, the coex-
istence of two distinct Na sites (Nal and Na2) requires a modification
of the standard vacancy-based diffusion coefficient expression, which
was originally developed for systems with a single diffusing species.

The concept of the diffusion coefficient originates from Fick’s first
and second laws, but its microscopic interpretation is rooted in the
random walk model. In this framework, the diffusion coefficient can
be expressed as:

2
D=/%- @

where nr? represents the total squared displacement over time 7 (f = s),
and n is the average number of jumps. The factor f is the correlation
factor, which accounts for the likelihood that a particle’s next jump
depends on its previous direction. Since all samples studied share a
similar crystal structure, we assume f = 1 (i.e., uncorrelated jumps),
making f independent of Na content x.
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Fig. 4. Diffusion coefficient (D) for Na,CoO,. The linear solid lines correspond
to the same fit as shown in Fig. 2(c). For calculating D (Eq. (4)), Z =
[0.7810,0.5190], N = [3,3], s = [1.63969, 1.63969] A and p = [0.481,0.219] were
used for x = 0.7; and Z = [0.87,0.83], N = [3,3], s = [1.62478, 1.62478] A and
p = [0.17,0.13] were used for x = 0.33. The structure parameters were taken
from Ref. [13] and Ref. [17], respectively.

The average number of jumps, n, depends on the probability of
finding a vacancy at site j, probability of finding a diffusing species
at site i times the hopping frequency over the time #:
vIZJp! + va’p/)

p

where v is the jump frequency, Z the vacancy fraction, and p’ the
concentration of diffusing species at site i. The indices i and j refer
to the two inequivalent Na sites (Nal and Na2). Eq. (3) accounts
for hopping in both directions and can be generalized for more than
two sublattices. When only one diffusing species is present, Eq. (3)
reduces to the standard single-species form. Using Eq. (3), the diffusion
coefficient becomes:

3

n=t(

2
D; = N—pPiZj @
where s is the jump distance and N is the number of jump directions.
We assume the same jump frequency for both sublattices, a necessary
approximation since u*SR yields only a single effective fluctuation
rate unless analyzed using a two-state extension of the strong collision
model [23].

The diffusion coefficients calculated using Eq. (4) are presented
in Fig. 4. The obtained values are consistent with those reported for
similar layered compounds [6,16,24]. Notably, the diffusion coefficient
increases with Na content x, aligning with the observed decrease in
activation energy.

3. Discussion

The internal field fluctuation rate shown in Fig. 2 originates from
either diffusing muons or fluctuating nuclear moments of mobile ions.
However, the stability of the muon site and the static nature of Co
ions on the y*SR timescale rule out muon diffusion or transition-
metal dynamics [25]. This points to Na-ion motion as the source
of the observed fluctuations, which aligns with prior Na-NMR [26],
neutron diffraction [12], electron diffraction [27], and previous u*SR
studies [16,28] on NCO.

With Na-ion motion as the confirmed source of the fluctuations,
several compositional trends emerge that indicate a shift in the micro-
scopic diffusion mechanism as x increases. Specifically:

1. The activation energy extracted from high-T fits decreases with
increasing x.
2. The corresponding Arrhenius pre-factor increases with x.
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3. The low-T field fluctuations increases with x.
4. The c-axis shrinks with x [8,11].

These observations are inconsistent with a purely vacancy-driven
diffusion mechanism, which would typically be hindered by a com-
pressed lattice. Instead, they point to an increasingly significant role
of lattice-assisted local dynamics.

As a matter of fact, phonon-driven diffusion is supported by pre-
vious neutron diffraction results [12]. Subtle structural distortions in
NCO appear around 300-400K—precisely in the temperature range
where the system transitions from local to long-range Na-ion diffusion.
These distortions likely reflect a thermally activated softening of the
lattice, signaling a dynamic lattice response that facilitates ion transport
by modulating local site symmetry and Na—O bond lengths. This be-
havior is consistent with phonon-assisted diffusion scenarios observed
in other systems [29-33], where dynamic lattice instabilities lower
migration barriers and enhance ion mobility.

Phonon assisted diffusion in NCO is supported by the initial increase
in vg starting well below room temperature (Fig. 4). Because the muon
is stable and cobalt ions are static on the muon timescale, this low-
temperature increase must originate from Na-ion dynamics. This early
onset of internal field fluctuations suggests a local, slower dynamical
process distinct from the long-range vacancy-mediated 1D diffusion
around room temperature. Notably, this shift in fluctuation rates at
lower temperatures contributes to an increase in A.

While often overlooked, A contains critical microscopic informa-
tion. Within transition-state theory, it reflects the vibrational entropy
difference between initial and activated states:

A x exp <ﬁ> 5)

kp

where AS;, is the vibrational entropy difference between the initial
and transition states [34-36]. Therefore, the increase in A with x
therefore suggests enhanced vibrational entropy and stronger phonon
coupling in Na-rich compositions. This vibrational landscape lowers the
effective barrier for hopping, reinforcing the interpretation that lat-
tice dynamics—specifically phonons—play an active role in facilitating
Na-ion diffusion.

While the c-axis contracts with increasing x, which should impede
ion transport in a conventional picture, the simultaneous decrease in
E, and rise in A indicate the opposite. This apparent contradiction
is resolved by invoking enhanced phonon-Na* coupling. A stiffer,
more tightly bound lattice promotes stronger coupling between Na
motion and low-energy interlayer phonon modes, effectively lowering
the barrier for site hopping.

Indeed, prior studies have shown that local lattice vibrations can re-
duce activation energies by up to 10% for surface diffusion on Cu(100)
and Ag(100) [35]. In our case, we observe a comparable reduction in
E,: approximately 7% between x = 0.33 — 0.5, and 8.5% between
x = 05 — 0.7. These decreases coincide with a more pronounced
early increase in vgr at higher x, supporting the view that Na-rich
compositions promote more facile ion transport via stronger phonon
coupling.

4. Conclusion

We have investigated the temperature- and composition-dependent
Na-ion dynamics in electrochemically cycled Na,CoO, using u*SR. The
internal field fluctuation rates reveal ion mobility even before full
thermal activation, indicating a low-energy onset of diffusive motion.
Notably, the activation energy decreases systematically with increasing
Na content, contrary to expectations based on structural contraction
along the c-axis. This apparent paradox is resolved by a simultaneous
increase in the phonon density of states, as inferred from rising A. Using
a tailored diffusion model accounting for two inequivalent Na sites and
realistic jump pathways, we extract diffusion coefficients in agreement
with values reported for comparable layered battery materials. These
findings not only deepen our understanding of ion transport in Na-ion
cathodes but also demonstrate the capability of u*SR to resolve subtle
dynamics inaccessible to conventional techniques.
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5. Lead contacts

Inquiries regarding the data and sample related to this paper can be
directed to Dr. Ola K. Forslund (ola.forslund@physics.uu.se).

6. Experimental setup

Na, ,CoO, was synthesized via a conventional solid-state reaction
using a stoichiometric mixture of Na,CO5 and Co;0,, with a 5 % molar
excess of Na,CO5 to compensate for sodium loss due to volatility at high
temperature. The powders were thoroughly ground in an argon-filled
dry box and then transferred to a gold crucible. The mixture was heated
at a rate of 2 ° C/min to 850 ° C under flowing oxygen and held at
this temperature for 24 h. After the reaction, the furnace was cooled
to 130 ° C before the sample was promptly transferred back to the dry
box to avoid moisture or CO, contamination. Powder X-ray diffraction
(XRD) confirmed the phase purity and the expected P2-type layered
structure of the synthesized Na, ,CoO,. Powder X-ray diffraction (XRD)
analysis verified the purity of the phase and the expected P2-type
layered structure. A single large batch of material was synthesized to
ensure consistency across all subsequent deintercalation experiments.

Electrochemical (de)intercalation of sodium was performed in large
Swagelok-type cells to obtain sufficient material for ex situ analysis.
The cathode was prepared by homogenizing 88 wt% Na,,Co0O,, 10
wt% Super P conductive carbon, and 2wt% polytetrafluoroethylene
(PTFE) binder. The mixture was rolled into flexible films and punched
into circular electrodes. Sodium metal foil was used as the counter
and reference electrode. A three-layer glass fiber separator (Whatman
GF/D) was soaked with electrolyte composed of 1 M NaPF dissolved in
propylene carbonate (PC) with 2 vol% fluoroethylene carbonate (FEC).
Approximately 15 drops of electrolyte were added to each cell. Cell
assembly and disassembly were carried out entirely in an argon-filled
glovebox.

Cells were cycled galvanostatically at a C/20 rate, corresponding to
full (de)intercalation of one Na* ion per formula unit over 20 h. Voltage
windows were adjusted to target specific sodium compositions (x) in
Na, Co0,, and maintained for several hours until the current became
close to zero. Once the desired state of charge was reached, cells were
disassembled, and the cathodes were rinsed with dry PC, vacuum-
dried, and stored in an inert atmosphere. The targeted Na content for
each ex situ sample was controlled electrochemically, and XRD was
used to verify phase purity and structural changes as a function of x.
Operando XRD on NCO prepared by the same established synthesis
procedure [11] has demonstrated a reproducible and stable P2-type
structure across the entire x-range studied here.

The u*SR measurements were performed at the surface muon beam-
line S1 in J-PARC Japan. About 300 mg of each sample was prepared
inside a He glove box where they were packed into a Ti-Cell, which
was hermetically sealed using a Ti-window (50 pm thick) and Gold O-
ring (to avoid sample degradation). A standard “He cryo-furnace was
used to reach temperatures from 7 = 100 K up to 450 K. The software
musrfit [37] was used for analyzing the x*SR data.
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Appendix A. Sample masses and fit procedure

It is noted that the available sample mass was different depending
on x (and thus the size of the sample holder was also different), which
clearly also leads to dissimilar values of Ag and Agg. In particular, the
sample holder of x = 0.33, 0.7 and 0.89 were the same (small) while
x = 0.5 sample was measured in a bigger holder. Moreover, the cryostat
of x = 0.5 was different from that of the other compositions, affecting
the value of A,. That being said, the A4, of x = 0.89 is notably different
from that of x = 0.33 and 0.5. In other words, there is a missing fraction
present in the x = 0.89 sample that may be attributed to muonium
formation [39].

Given that the available sample mass were considerably limited, and
in order to obtain accurate fit parameters, the data were fitted in a
global fit procedure. In this procedure, the Agr and Ag; asymmetries
were asserted to be temperature independent and were treated as a
global parameter across the temperature range T = 100 — 450 K. For
the x = 0.89 sample, however, the Agr was kept a global parameter
from 200 K and was kept an individual parameter below this temper-
ature, due to the presence of Ap. This change in the fitting equation
causes abrupt changes in the fit parameters, as presented in Fig. 2(a,b).
Additionally, the applied LF can be considered small and the spin-spin
correlation was assumed to be unaffected by such low fields. In other
words, At and v were kept common across the field configurations for
each temperature. The global fit procedure described above resulted in
AXOH = 0.070(1), A0S = 0.119(1), A7 = 0.061(1) and A0 =
0.066(1) (from 200 K). As expected, the asymmetries of the x = 0.33, 0.7,
and 0.89 are similar given the similar sample volume and the resulting
identical experimental geometry.

Appendix B. Charge/discharge profiles

Fig. 5(a) shows the galvanostatic charge-discharge profiles of NCO
measured between 4.3 V and 1.5 V over two full electrochemical
cycles, starting from pristine Na, ,CoO,. The close overlap of the first
and second cycles demonstrates minimal hysteresis and low polar-
ization, consistent with high Na-ion mobility and efficient electronic
conductivity due to the presence of mixed Co’*Co** valence states.

For each target composition (x), the sample was first charged to
4.3 V and discharged to 1.3 V to complete an initial full cycle. A second
charge was then performed to the voltage corresponding to the desired
Na content. Once this voltage was reached, it was held for several
hours until the current dropped to near zero, ensuring homogeneous
Na distribution and compositional equilibration. The final Na content
was estimated from the known voltage-composition relationship of the
NCO system.
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Fig. 5. (a) Voltage profile of NCO (initial composition x = 0.7) cycled between
1.5 V and 4.3 V at a C/20 rate over two full charge-discharge cycles (cycle 1
— blue and cycle 2 — pink). (b) XRD pattern of starting Na,,CoO, material,
using Cu K a; = 1.5406 Aand Cu K a, = 1.5444 Asources. The solid black line is
Rietveld refinement using the reported P6;/mmc structure [8]. The ticks are
the indexed peaks and the blue line is the difference between the data and the
refinement. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Appendix C. Structure characterization

Fig. 5(b) shows the powder X-ray diffraction (XRD) pattern of the
as-synthesized Na,,Co0,. The pattern confirms single-phase P2-type
structure, with refined lattice parameters a = b = 2.85297(2) A and
¢ = 11.0098(1) i\, in agreement with the reference structure reported
in Ref. [8]. No impurity peaks are observed, and the low-Q hump
is attributed to air scattering. Structural characterization of the cy-
cled material at x = 0.7 has been reported previously using neutron
diffraction on the same batch of material used in this study [13]. The
evolution of lattice parameters with Na content during (de)intercalation
in cycled Na, CoO, has been systematically documented in the synthesis
study of Ref. [11], which shows that the c-axis expands upon deinterca-
lation due to reduced interlayer screening, consistent with the behavior
observed in Ref. [8].

Data availability

Data will be made available on request.
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