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ABSTRACT: The diffusive nature of Na+ in Na-inserted hard carbon
(CxNa), which is the most common anode material for a Na-ion battery, was
studied with a positive muon spin rotation and relaxation (μ+SR) technique
in transverse, zero, and longitudinal magnetic fields (TF, ZF, and LF) at
temperatures between 50 and 375 K, where TF (LF) denotes the applied
magnetic field perpendicular (parallel) to the initial muon spin polarization.
At temperatures above 150 K, TF-μ+SR measurements showed a distinct
motional narrowing behavior, implying that Na+ begins to diffuse above 150
K. The presence of two different muon sites in CxNa was confirmed with ZF-
and LF-μ+SR measurements; one is in the Na-inserted graphene layer, and
the other is in the Na-vacant graphene layer adjacent to the Na-inserted
graphene layer. A systematic increase in the field fluctuation rate (ν) with increasing temperature also evidenced a thermally
activated Na diffusion, particularly above 150 K. Assuming the two-dimensional diffusion of Na+ in the graphene layers, the self-
diffusion coefficient of Na+ (DNa

J ) at 300 K was estimated to be 2.5 × 10−11 cm2/s with a thermal activation energy of 39(7) meV.
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■ INTRODUCTION

Recently, Na-ion battery materials have attracted considerable
attention1−3 because sodium is more abundant than lithium,
resulting in lower material costs. Na has a relative abundance
of 2.83%, whereas Li has only 0.0065%.4 Although several Na
transition-metal oxides are available as a cathode material for
Na-ion batteries, the most common anode materials for Li-ion
batteries, that is, graphite and soft carbon, are not compatible
with Na-ion batteries. This is because graphite is electro-
chemically inactive in an insertion and extraction reaction of
Na+-ions.
Conversely, because nongraphitizable carbon, that is, “hard

carbon”, is electrochemically active as a Na insertion host,5

hard carbon has been heavily investigated as an anode material
for Na-ion batteries.6−8 Further, hard carbon comprises mainly
two structural regions: one is a region of randomly oriented
graphene layers, and the other is a region of nanosized voids,
that is, a micropore region. However, the relationship between
the structure of hard carbon and dynamics of the inserted Na+

is still not fully understood despite the studies over the past
decade. Particularly, a reliable self-diffusion coefficient of Na+

(DNa
J ) has not been reported for Na-inserted hard carbon,

although it is an intrinsic physical constant to represent Na+

dynamics in materials.
Instead, electrochemical techniques have been used to

determine the chemical diffusion coefficient (DC), which is

defined by the Fick law under a Na+ concentration gradient,
using a half-cell9−11 that comprises an electrode of a target
material, Na metal as a counter electrode, and electrolyte.
Notably, to estimate DC from the obtained electrochemical
data, we definitely need a correct reaction area (Are) of the
target material in the half-cell because the time evolution of the

current [I(t)] of the half-cell is proportional to D A
t

C
re

1

according to the Cottrell equation.12 However, it is
challenging, and eventually impossible, to determine the
correct Are in a liquid or solid electrolyte. Thus, DC is usually
estimated using the electrode geometrical area, resulting in an
apparent DC (DC,app). Consequently, DC,app is no longer an
intrinsic physical constant, but a quantity depending on the
fabrication process of the electrode and a combination of the
electrode and electrolyte. Here, DC is connected with DJ

as13−15

D DC J= Θ (1)
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where Θ denotes a thermodynamic factor independent of Are;
therefore, if we use DC,app instead of DC in eq 1, the obtained
DJ is naturally an apparent DJ (DJ,app), which is also a
meaningless parameter for comparing the ion dynamics of one
material with that of another material.
The fundamental mechanism of DNa

J is based on a thermally
activated fluctuation of Na+ ions. Thus, in principle, Na nuclear
magnetic resonance (NMR) can provide information on such
fluctuations. Nevertheless, previous Na-NMR works on Na-
inserted hard carbon have reported the resonance line shape
but have not provided DNa

J ,16−18 perhaps due to the difficulty
in measuring the spin−lattice relaxation rate (1/T1) in a
complex structure of hard carbon. We have therefore
attempted to measure the field fluctuation rate in the Na-
inserted hard carbon with a positive muon spin rotation and
relaxation (μ+SR) technique.
Historically, μ+SR provided reasonable DLi

J for LixCoO2 in
2009.19 Since then, ion dynamics in various battery materials
have been successfully studied with μ+SR,20−33 including
NaxCoO2,

34 NaxFePO4,
35 and C6Li and C12Li.

36 Particularly,
in graphite and graphene, an early μ+SR study revealed that the
implanted μ+ forms a CH-like stable bond37,38 and the
existence of such a bond was supported with recent first-
principles calculations.36 Owing to Li diffusion, the μ+ spin in
C6Li experiences a fluctuating nuclear magnetic field from a
fixed viewpoint. The obtained DLi

J with μ+SR is consistent with
DLi

J estimated with Li-NMR.39 Therefore, it is a natural
extension to measure DNa

J in hard carbon with μ+SR because
such a stable CH-like bond is also expected to be formed in
Na-inserted hard carbon. Of note, the first μ+SR study on Na-
inserted hard carbon has been recently reported by Jensen et
al.40 However, because the μ+SR spectra were measured only
in a transverse magnetic field (TF), separating the spin−spin
relaxation rate (1/T2) from 1/T1 was difficult. Herein, both 1/
T2 and 1/T1 are clearly estimated from the μ+SR data obtained
in TF, zero magnetic field (ZF), and longitudinal magnetic
field (LF). Here, TF and LF denote the externally applied
magnetic field perpendicular and parallel to the initial muon
spin polarization, respectively.

■ RESULTS

TF-μ+SR Measurements

Figure 1 shows the two TF-μ+SR spectra for the CxNa sample
with a state of charge (SOC) of 75% recorded at 50 and 350 K
to estimate the temperature variation of a nuclear magnetic
field in CxNa. Because the initial asymmetry (A0) at time = 0
(t0) is almost a full value of this setup for both spectra, the all-
implanted μ+s are found in a μ+ state, indicating the absence of
a muonium (μ+e−) state. This is consistent with the metallic

nature of Na-inserted hard carbon. Although the oscillation
amplitude caused by TF is clearly damped with time at 50 K,
such oscillation is almost time-independent at 350 K, being
reproducible to the previous μ+SR study.40 This implies the
dynamic nature of a nuclear magnetic field at 350 K. As a first
approximation, the TF-μ+SR spectra were fitted with the
exponentially relaxing cosine oscillation

A P A f t tcos(2 ) exp( )0 TF TF TF TF TFπ ϕ λ= + − (2)

where A0 denotes the initial asymmetry determined by the TF
measurements at high temperatures and PTF represents the
muon spin polarization function in TF. ATF, f TF, ϕTF, and λTF
denote the asymmetry, muon spin precession frequency, initial
phase, and relaxation rate due to the applied TF, respectively.
Here, f TF = γμ/2π × 20 Oe = 13.5534 kHz/Oe × 20 Oe ∼ 0.27
MHz, and γμ denotes the muon gyromagnetic ratio.
Figure 2 shows the temperature dependence of λTF for the

three CxNa samples. As the temperature increases from 50 K,

λTF of each sample is almost temperature-independent up to
150 K, starts to decrease with increasing temperature, and
finally levels off to a very small constant value (about 0.007
μs−1) above approximately 300 K. More precisely, the slope of
the λTF(T) curve (dλTF/dT) above 250 K is steeper than that
below 250 K, which will be discussed later. Because λTF
depends on a spin−spin relaxation rate (1/T2), the observed
λTF(T) curves indicate a motional narrowing behavior between
100 and 300 K owing to the dynamics of Na+ ions in hard
carbon. Noteworthily, regardless of SOC, all the three samples
exhibit similar dynamic behavior. Thus, in order to better
understand the dynamic behavior in CxNa, the ZF- and LF-
μ+SR spectra were measured and analyzed.
ZF- and LF-μ+SR Measurements

Figure 3 shows the ZF- and two LF-μ+SR spectra recorded at
100, 200, and 300 K. Overall, the μ+SR spectrum exhibits a
distinct transition from a low-temperature static to a high-
temperature dynamic behavior as the temperature increases.
This is consistent with the TF-μ+SR result. However, the ZF-
spectra at 100 and 200 K are not explained using the simple
dynamic Kubo-Toyabe (GDGKT) function.41 Therefore, the
μ+SR spectra were fitted with a combination of two GDGKT

signals from the Na-inserted hard carbon and a time-
independent background signal from the Ti sample holder, a
Na-free region in hard carbon, and the other materials in the
hard carbon electrode

Figure 1. TF-μ+SR spectra for the CxNa sample with the SOC of 75%
recorded at 50 and 350 K. Solid lines represent the best fit using eq 2.

Figure 2. Temperature dependence of the exponential relaxation rate
of the TF-μ+SR precession asymmetry for the three CxNa samples
with SOC = 33, 75, and 100%. The data were obtained by fitting the
TF-μ+SR spectrum with eq 2.
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where PLF denotes the muon spin polarization function in ZF
and LF. AKT1, AKT2, and ABG represent asymmetries of the
three signals, Δ1 and Δ2 denote the field distribution widths,
and ν1 and ν2 represent the field fluctuation rates of the two
GDGKT signals. Here, Δ roughly corresponds to the spin−spin
relaxation rate (1/T2), and ν roughly corresponds to the spin−
lattice relaxation rate (1/T1). For ν = 0 and HLF = 0 (i.e., ZF),
GDGKT(t,Δ,ν,HLF) becomes a static Gaussian Kubo−Toyabe
function (Gzz

KT) given as42

G t t t( , )
1
3

2
3

(1 ) exp
1
2zz

KT 2 2 2 2Δ = + − Δ − Δi
k
jjj

y
{
zzz (4)

which represents the time variation of the muon spin
polarization due to the internal magnetic field formed by
randomly oriented static nuclear dipoles with a Gaussian
distribution.
The fact that two GDGKT signals are required to fit the μ+SR

spectra suggests that there are two different muon sites in the
CxNa sample with SOC = 75%. A preliminary fit showed that
the temperature dependence of Δ1 is similar to that of Δ2, and
the magnitude of Δ1 is approximately one-third of that of Δ2.
Combined with the TF-μ+SR result shown in Figure 2, the
implanted muons are most likely to locate in the randomly
oriented graphene layers, that is, the graphene layers in CxNa
are assumed as an alternating stack of Na+-inserted and Na+-
vacant layers, as in the case for C12Li. One muon site
responsible for the AKT2 signal (μ2 site) is in the Na+-inserted

graphene layer, whereas the other site responsible for the AKT1

signal (μ1 site) is in the Na-vacant graphene layer, as Δ2 > Δ1

(see Figure 6). In other words, the muons at the two sites see
the Na-diffusion in the graphene layers regardless of the muon
sites, being similar to the case for C12Li.

36

Because the occupancy of each muon site is independent of
temperature, we fitted the ZF- and LF-μ+SR spectra using
common AKT1, AKT2, and ABG in the whole temperature range
measured and a common ν for both AKT1 and AKT2 signals (i.e.,
ν1 = ν2) at each temperature. The TF-μ+SR spectrum was also
simultaneously fitted using Δ1, Δ2, and ν with the Abragam
equation (GA)28,43,44

A P t A f t G t

A f t

G t t

A A
A A

( ) cos(2 ) ( )

cos(2 ),

( ) exp 2 (e 1 ) ,t

0 TF KT,TF TF TF
A

BG,TF TF TF

A av
2

2

av
KT1 1 KT2 2

KT1 KT2

π ϕ

π ϕ

ν
ν

= +

+ +

= −
Δ

− +

Δ =
Δ + Δ

+

ν−
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

(5)

Such a combined fit between the Abragam function for the TF-
μ+SR spectrum and the dynamic Kubo-Toyabe function for the
ZF- and LF-μ+SR spectra naturally provides more reliable μ+SR
parameters than the work based only on TF-μ+SR measure-
ments,40 where Δ is fixed at Δ(50 K) in the whole measured
temperature range, that is, Δ is independent of temperature. In
fact, we also attempted to fit the ZF- and LF-μ+SR spectra
using eq 5 with fixed Δ1 and Δ2 estimated from the data at 50
K. Such a fit cannot reproduce the two LF spectra even at 200
K, although the fitted ZF spectrum is likely acceptable [see
Figure 4a and compare with Figure 4b]. This demonstrates the
importance of ZF- and LF-μ+SR measurements to study ion
dynamics in solids and clearly excludes the scenario that both
Δ1 and Δ2 are independent of temperature in CxNa.

Figure 3. Temperature variation in the ZF- and two LF-μ+SR spectra
recorded at (a) 100, (b) 200, and (c) 300 K. The applied LFs were 5
and 10 Oe. Green solid lines represent the best fit using eq 3.

Figure 4. ZF- and two LF-μ+SR spectra for the CxNa sample with
SOC = 75% recorded at 200 K. In (a), green solid lines represent the
best fit using eq 5 with Δ1 and Δ2 estimated from the data recorded at
50 K, that is, Δ1 and Δ2 are temperature-independent. In (b), green
solid lines represent the best fit using eq 3, which are the same as
those in Figure 3b.
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Figure 5 shows the temperature dependencies of the
obtained μ+SR parameters by fitting the TF-, ZF-, and LF-
μ+SR spectra using eqs 3 and 5 for the CxNa sample with SOC
= 75%. As temperature increases from 70 K, both Δ1 and Δ2
are almost temperature-independent up to about 150 K; then,
they start to decrease upon further increasing the temperature,
while there is a shoulder in each Δi(T) curve at temperatures
between 250 and 270 K. The ratio between Δ1 and Δ2 is
almost temperature-independent below 250 K, which supports
our consideration that both Δ1 and Δ2 are caused by a nuclear
magnetic field of the Na-inserted graphene layer but seen from

different viewpoints. At temperatures between 250 and 300 K,
the ratio slowly decreases with increasing temperature and
then the ratio increases upon further increasing the temper-
ature because Δ1 is already very small and almost temperature-
independent above 300 K.
The μ+SR result of C12Li (see Figure 7)

36 reveals that as the
temperature increases from 50 K, both Δ1 and Δ2 are roughly

temperature-independent up to about 250 K, then decrease
upon further increasing the temperature up to about 350 K,
and finally level off to a constant value (Δ1 = 0). The decreases
in Δ1 and Δ2 naturally correspond to the motional narrowing
behavior due to Li diffusion. Making comparison with the
present result on CxNa with SOC = 75%, the inserted Na+ ions
are found to start to diffuse above around 150 K because of the
gradual decreases in Δ1 and Δ2 above 150 K. The temperature
width of the motional narrowing behavior is about 100 K
(from 250 to 350 K) for C12Li, whereas it is about 150 K (from
150 to 300 K) for CxNa with SOC = 75%. This implies that
inhomogeneous local structural environments of hard carbon
lead to Na diffusion even at low temperatures.
Evidently, ν increases with increasing temperature up to

around 250 K, but it decreases upon further increasing the
temperature. The obtained three asymmetries are estimated as
AKT1 = 0.0853(6), AKT2 = 0.0259(5), and ABG = 0.1066(8).
Therefore, because the AKT1 signal has a predominant
contribution to ν, the ν(T) curve exhibits a local maximum
when ν > Δ1. Overall, a diffusive behavior is observed in the
Na-inserted graphene layer with ZF- and LF-μ+SR. However, it
is ambiguous whether the information on Na diffusion is
obtained for the defects, that is, the nanosized void region of
hard carbon.
Figures 8 and 9 show the TF-, ZF-, and LF-μ+SR results for

the remaining two CxNa samples with SOC = 33% and 100%.
Each μ+SR parameter shows a temperature dependence similar
to that of the CxNa sample with SOC = 75%, as expected from
the TF-μ+SR measurement. The detailed change of the μ+SR
parameters with SOC and the extraction of DNa

J from the ν(T)
curve is discussed in the next section.

■ DISCUSSION

Which Parameter Changes with the SOC?

With increasing SOC, the amount of Na+ ions inserted into
hard carbon increases linearly. Therefore, the corresponding
μ+SR parameters are also expected to show a monotonic
change with the SOC.

Figure 5. Temperature dependencies of the μ+SR parameters for
CxNa with SOC = 75%: (a) two field distribution widths (Δ1 and Δ2),
(b) ratio between Δ1 and Δ2, (c) common field fluctuation rate (ν)
for the two signals, and (d) three asymmetries (AKT1, AKT2, and ABG).
The data were obtained by fitting the TF-, ZF- and LF-μ+SR spectra
with eqs 5 and 3. In (a,b,d), error bars are smaller than the symbols.
Note that Δ roughly corresponds to a spin−spin relaxation rate (1/
T2), whereas ν roughly corresponds to a spin−lattice relaxation rate
(1/T1).

Figure 6. Schematic view of the two muon sites in the Na-inserted
graphene layers.

Figure 7. Temperature dependencies of (a) Δ1 and Δ2 and (b) Δ1/
Δ2 for C12Li (reproduced from ref 36. with permission from the
PCCP Owner Societies.)
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Figure 10 shows the relationship between four μ+SR
parameters and the SOC in the CxNa samples; that is, Δ1,
Δ2, and Δ1/Δ2 at 100 K, their asymmetries, and AKT1/AKT2. In
addition, the data for C12Li are plotted for comparison. Both

Δ1 and Δ2 are roughly independent of the SOC, which is also
confirmed by the relationship between Δ1/Δ2 and the SOC.
Furthermore, because Δ1/Δ2 for CxNa is close to that for
C12Li, the site assignment for the AKT1 and AKT2 signals is
reasonable. The temperature dependence of Δ1/Δ2 for C12Li

36

[see Figure 7b] is similar to that for the CxNa samples
[Figures. 5b, 8b, and 9b]. Moreover, the fact that both Δ1 and
Δ2 for CxNa are larger than those for C12Li suggests that the
distance between μ+ and the nearest neighboring Na+ in CxNa
is shorter than that between μ+ and Li+ in C12Li, perhaps due
to the distortion of the graphene layers in hard carbon.
As seen in Figure 6, AKT2 is thought to be directly correlated

with the Na content in the graphene layers because the μ2 site
is closer to the Na+ ion in the graphene layer than the μ1 site.
In fact, as the SOC increases from 0 to 75%, AKT2 increases
with the SOC, whereas AKT2 levels off to a constant value at
SOC > 75%, being consistent with the commonly accepted
insertion mechanism,7 that is, Na+ ions are inserted into the
graphene region at low SOCs and then inserted into the
nanosized void region at high SOCs. Since AKT1/AKT2 ∼ 3.6 is
almost independent of the SOC, the increase in AKT1 is
explained by the change in AKT2. This also implies that the μ1
site is more preferable for the implanted μ+s than the μ2 site,
probably because of the electrostatic repulsion between Na+

and μ+. Furthermore, because AKT1/AKT2 for CxNa (∼3.6) is
very large compared with that for C12Li (0.74), the Na
composition of the graphene layers, that is, the C/Na ratio
should be less than 12.
Instead, as the SOC increases, ABG decreases, indicating a

decrease in the Na-free region in the graphene layers.

Figure 8. Temperature dependencies of the μ+SR parameters for
CxNa with SOC = 33%: (a) Δ1 and Δ2, (b) Δ1/Δ2, (c) ν, and (d)
AKT1, AKT2, and ABG.

Figure 9. Temperature dependencies of the μ+SR parameters for
CxNa with SOC = 100%: (a) Δ1 and Δ2, (b) Δ1/Δ2, (c) ν, and (d)
AKT1, AKT2, and ABG.

Figure 10. Relationship between the μ+SR parameters and SOC for
CxNa: (a) Δ1 and Δ2 at 100 K, (b) Δ1/Δ2 at 100 K, (c) AKT1, AKT2,
and ABG, and (d) AKT1/AKT2. Broken lines represent the data for C12Li
at 100 K.36
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Conversely, there is no information on the Na dynamics in the
nanosized void region in CxNa with μ+SR, most likely because
of the electrostatic repulsion between the implanted μ+ and
Na+ in the voids. In other words, the implanted μ+ values are
mostly found in the graphene layers and the amount of the μ+

sitting in the voids is negligibly small in comparison to the
μ+SR sensitivity, that is, less than 5%.
Self-Diffusion Coefficient

Finally, we attempt to estimate a self-diffusion coefficient of
Na+ in CxNa (DNa

J ) from the present μ+SR result. Assuming
that the position and jump pathway of Na+ in the graphene
layers are the same as those for C12Li and ν corresponds to the
hopping rate of Na+, DNa

J is given by a random walk model in
the graphene layers45

D
N

Z s
1

i

n

i
i iNa

J

1
v,

2∑ ν=
= (6)

where Ni denotes the number of Na sites in the ith jump path,
Zv,i represents the vacancy fraction, and si denotes the jump
distance. Using the data for C12Li, n = 1, N1 = 6, Z1 = 1, and s1
= 0.248 nm.
Figure 11 shows the relationship between ν and inverse

temperature for the three CxNa samples. Because DNa
J is

proportional to ν in eq 6, the right vertical axis of Figure 11 is
converted to DNa

J . The thermal activation energy (Ea) for Na
diffusion was estimated as 39(7) meV, which is about half of Ea
reported by the recent TF-μ+SR paper [88(13) meV].40 This is
because, in such a paper, ν was estimated only from the TF-
μ+SR spectrum using eq 5 with a temperature-independent Δ
obtained at 50 K.
In comparison with the result of C12Li, Ea for the Na

diffusion in CxNa is approximately one-fourth of the Ea for Li
diffusion in C12Li [170(20) meV].36 This indicates the effect
of the interlayer distance of the graphene layers on ion
diffusion. The c-axis length of graphite for C12Li is 0.335 nm,
whereas that of hard carbon is approximately 0.4 nm. Such an
elongation of the interlayer distance enables the Na insertion
reaction and reduces the energy barrier of ion diffusion. From
the solid line in Figure 11, the magnitude of DNa

J is estimated as
2.5 × 10−11 cm2/s at 300 K and 2.6 × 10−11 cm2/s at 310 K,
whereas DLi

J = 14.6(4) × 10−11 cm2/s in C12Li at 310 K and
7.6(3) × 10−11 cm2/s in C6Li at 310 K.

As mentioned in the Introduction, DNa
J estimated with Na-

NMR is unavailable at present. This implies that there are no
reliable experimental data to compare with the present μ+SR
result. Therefore, we herein compare the μ+SR results with the
predicted DNa

J and DLi
J with MD simulations46,47 and first-

principles calculations,48,49 combined with DLi
J in C6Li

estimated with Li-NMR39 (see Table 1). Although the

predicted DJ strongly depends on the calculation methods,
DLi

J is larger than DNa
J by 1 order of magnitude or more. Such a

relation, that is, DLi
J > DNa

J , is also observed in the estimated
values with μ+SR, being qualitatively consistent with the
predictions.
As seen in Figures 5, 8, and 9, the diffusive behavior is not

clearly seen in the ν(T) curve at temperatures above 250 K
because ν becomes larger than Δ1, resulting in the decrease in
ν with increasing temperature. Conversely, TF-μ+SR measure-
ments provided a motional narrowing behavior up to
approximately 300 K (see Figure 2). Therefore, Figure 12
shows the relationship between 1/λTF and inverse temperature

Figure 11. Relationship between ν and inverse temperature for the
three CxNa samples. The right axis shows the corresponding self-
diffusion coefficient of Na+ (DNa

J ). A solid line represents the best fit
using a thermal activation process with ν = ν0 + ν1 exp(−Ea/T) at
temperatures below 250 K, where Ea is an activation energy and is
estimated as Ea = 39(7) meV.

Table 1. DNa
J and DLi

J Estimated with μ+SR and Predicted
with Molecular Dynamics (MD) Simulations46,47 and First-
Principles (DFT) Calculations48,49a

ion in material method DJ (cm2/s)
temperature

(K) refs

Na+ in hard
carbon

μ+SR 2.5 × 10−11 300 present
work

Li+ in graphite
(C12Li)

μ+SR 14.6(4) × 10−11 310 36

Li+ in graphite
(C6Li)

μ+SR 7.6(3) × 10−11 310 36

Li+ in graphite
(C6Li)

Li-NMR 10−11 295 39

Na+ in hard
carbon

MD
simulations

1.43 × 10−8 room
temperature

46

Li+ in hard
carbon

MD
simulations

1.63 × 10−7 room
temperature

46

Li+ in graphite
(C6Li)

MD
simulations

10−7 (for DLi
C) room

temperature
47

Li+ in graphite
(C6Li)

DFT
calculations

1.0 × 10−10 room
temperature

48, 49

aMoreover, DLi
J for C6Li estimated with Li-NMR39 is listed for

comparison. In refs 48 and 49, DLi
J = DLi

C because Θ = 1.

Figure 12. Relationship between 1/λTF and inverse temperature for
the three CxNa samples. A solid line represents the best fit using a
thermal activation process with λTF

−1 = λTF0
−1 + λTF1

−1 exp(−Ea/T) at
temperatures below 250 K. Ea is estimated as Ea = 68(12) meV. A
similar fit at temperatures above 250 K with λTF0

−1 = 0 provides Ea =
164(16) meV, as represented by a dotted line.
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for the three samples. Note that λTF depends not only on Δ but
also on ν, AKT,TF, and ABG,TF according to eqs 2 and 5

t
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(7)

Therefore, λTF is a complex parameter to show the change in a
nuclear magnetic field. When we fitted the 1/λTF(T) curve
using a thermal activation process at temperatures below 250
K, Ea is estimated as 68(12) meV, which agrees with Ea
estimated from the recent TF-μ+SR work [88(13) meV]40

within the estimation error. However, as the temperature
increases from 250 K, 1/λTF increases more rapidly than the
prediction from a thermally activated process with Ea = 68(12)
meV. This implies the presence of another diffusion process
with Ea = 164(16) meV, perhaps due to Na diffusion in a
nanosized void region, although the detailed information on
such diffusion is unlikely to be extractable from the present
μ+SR data.

■ CONCLUSIONS
We examined the μ+SR spectra for three CxNa samples with a
different SOC (33, 75, and 100%) in TF, ZF, and LF magnetic
fields to determine a self-diffusion coefficient of Na+ (DNa

J ) in
Na-inserted hard carbon (CxNa) at temperatures between 50
and 350 K. The TF-μ+SR measurements showed the
appearance of a motional narrowing behavior at temperatures
between 150 and 300 K due to Na diffusion. A detailed
analysis of the ZF- and LF-μ+SR spectra showed that there are
two muon sites, which were assigned to the graphene layers in
CxNa. Namely, one site is in the Na-inserted graphene layer,
whereas the other site is in the Na-vacant graphene layer
adjacent to the Na-inserted graphene layer. For both sites, the
field fluctuation rate increased with increasing temperature,
whereas the filed distribution width decreased with increasing
temperature. Furthermore, the above μ+SR parameters were
roughly independent of SOC, indicating that the majority of
the implanted muons are located in the graphene layers. Using
a random walk model, DNa

J in the graphene layer was estimated
as 2.5 × 10−11 cm2/s at 300 K with a thermal activation energy
of 39(7) meV. Conversely, the information on Na dynamics in
the nanosized void region was not clearly obtained with the
present μ+SR owing to the absence of implanted muons in
such a region.

■ EXPERIMENTAL SECTION

Fabrication of the Test Cell
In order to prepare CxNa, a Na-ion half-cell was fabricated with hard
carbon and Na metal as the electrodes. At first, a hard carbon
electrode sheet was prepared by casting slurry, which comprised 85 wt
% of hard carbon [Carbotron P(J), Kureha], 7.5 wt % of acetylene
black (Li-400, Denka Company Ltd), 5 wt % of styrene−butadiene
rubber (TRD2001, JSR), and 2.5 wt % of sodium carboxymethyl
cellulose (CMC#2200, Daicel Miraizu Ltd.), onto a 20 μm thick Ti
foil (Hohsen). The resultant composite electrode used in this work
was not compressed, and its thickness (excluding the Ti current
collector) was ca. 750 μm. Then, the half-cell was assembled in an Ar-
filled glovebox by using Na metal as the counter electrode. The

electrolyte was 1 M sodium bis(fluorosulfonyl)amide [Na(FSO2)2N,
Solvionic] dissolved in a mixed solution (1/1 v/v) of ethylene
carbonate (EC, battery grade, Kishida Chemical) and diethyl
carbonate (battery grade, Kishida Chemical). The detailed process
has been described elsewhere.7

Electrochemical Preparation
The half-cell was charged and discharged at 8.3 mA/g in the voltage
(E) range between 0.002 and 2 V under a constant current−constant
voltage (cc−cv) condition. For the charging sequence, the potential
was kept at 0.002 V for 12 h after constant current charging. The
charge and discharge rates (8.3 mA/g) are C/30, that is, 1C = 250
mA/g. Electrochemical measurements were performed at room
temperature (ca. 25 °C) using an electrochemical analyzer (SP-200,
Biologic). Figure 13 shows the relationship between potential [E (V

vs Na+/Na)] and specific capacity (mA h/g) for the half-cell at the
second cycle, where Na+ ions are inserted into hard carbon when E
decreases, while Na+ ions are extracted from hard carbon when E
increases.

The following three samples were prepared: after the initial cycle,
the half-cell was charged to E = 0.15 V, which corresponds to a SOC
of 33%. SOC was determined based on the discharge capacity
obtained at the second cycle, that is, 237 mA h/g is defined as SOC =
100%. For the second sample, the half-cell was further charged up to a
specific capacity = 180 mA h/g, which corresponds to the SOC of
75%. After the initial cycle, the fully charged half-cell was kept at 0 V
versus Na+/Na overnight for the preparation of the sample with SOC
= 100%. The compositions of the three samples were estimated from
the specific capacity to be C20Na, C8.9Na, and C6.8Na for the samples
with SOC = 33, 75, and 100%, respectively, assuming one-electron
transfer for the charge and discharge reactions. Note that three half-
cells were prepared for each condition to get the enough amount of
the active materials for μ+SR measurements. Each half-cell was
disassembled after second charging as the passivation films could be
formed during the first charging reaction which avoids self-discharge
during sample preparation in the glovebox.

Positive Muon Spin Rotation and Relaxation
Immediately before the μ+SR experiment, the CxNa sheets were
removed from the half-cells and then dried in a He-filled glovebox for
a few minutes. The electrode was then peeled off from the Ti foil.
Approximately 800 mg of the electrode was packed into a gold O-ring
sealed titanium (Ti) cell (see Figure 14) because CxNa is very
sensitive to moisture in air. The sample space of the Ti cell is 24 mm
in diameter and 1 mm in depth. Because the range of the surface
muons is 150−200 mg/cm2, the muons easily penetrate a Ti window
with 50 μm thickness corresponding to ∼23 mg/cm2 but stop into the
electrode with approximately 177 mg/cm2[= 800/(π1.22)].

The μ+SR experiments were performed on the S1 surface muon
beamline at the MUSE MLF of J-PARC in Japan. In order to know a
small change in an internal nuclear magnetic field due to Na diffusion,
the μ+SR spectra were recorded in a ZF, LF, and TF in the
temperature (T) range between 50 and 375 K using a microstat

Figure 13. Discharge (Na extraction) and charge (Na insertion)
curves in the second cycle for a half-cell comprising hard carbon and
Na metal. The three SOC values represent the samples for the present
μ+SR measurements.
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(Oxford). Here, the LF and TF denote the externally applied
magnetic field parallel and perpendicular to the initial muon spin
polarization, respectively. The sample in the Ti-cell was mounted on
the Cu holder of the microstat, which was cooled down to 10 K using
a liquid He flow and heated up to around 400 K without a setup
change. The details of the experimental technique have been
described elsewhere.19,34,36,50,51 The obtained μ+SR data were
analyzed using musrfit.52
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