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ABSTRACT For alkali-metal-ion batteries, probing the dynamic processes of ion transport in

electrodes is critical to gain insights into understanding how the electrode functions and thus
how we can improve it. Here, by using in situ high-resolution transmission electron microscopy,
we probe the dynamics of Na transport in MoS2 nanostructures in real-time and compare the
intercalation kinetics with previous lithium insertion. We ﬁnd that Na intercalation follows the
two-phase reaction mechanism, that is, trigonal prismatic 2H-MoS2 f octahedral 1T-NaMoS2,
and the phase boundary is ∼2 nm thick. The velocity of the phase boundary at <10 nm/s is 1
order smaller than that of lithium diﬀusion, suggesting sluggish kinetics for sodium intercalation. The newly formed 1T-NaMoS2 contains a high density of defects and
series superstructure domains with typical sizes of ∼35 nm. Our results provide valuable insights into ﬁnding suitable Na electrode materials and understanding the
properties of transition metal dichalcogenide MoS2.
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A

lthough lithium-ion batteries1,2 (LIBs)
have governed the current battery
market for small portable electronic
devices, for emerging large-scale applications, such as for electric vehicles and
power grid storage,3,4 concerns about limited
natural abundance and uneven global distribution of lithium resources render the necessity to develop new battery systems other
than LIBs. Among them, sodium-ion batteries
(NIBs) are the leading candidates because of
the large abundance and low cost of sodium.
However, ﬁnding suitable materials as electrodes (both cathodes and anodes) is challenging for NIBs as sodium has a larger radius,
that is, 55% larger than that of Li ions, and
heavier mass, signiﬁcantly impacting the ion
transport and reaction kinetics within electrodes. As a result, many host materials which
function well in LIBs, however, do not have
enough space to allow reversible and rapid
Na-ion insertion and extraction. For example,
a layered graphite structure with a layer
distance of 0.34 nm is the most commonly
used anode in LIBs (LiC6), but few Na ions can
be inserted (∼NaC70 in ref 5).
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Compared to graphite, transition metal
dichalcogenides such as MoS2 have a similar
layered structure but can accommodate larger radius Naþ (as well as Mg2þ, ref 6, and Kþ,
ref 7), making them promising candidates for
sodium-ion battery electrode materials.811
For example, MoS2 and carbon nanosphere
composite electrodes can maintain a capacity
of 400 mAhg1 for 300 cycles at a high
current density of 1 C.11 However, the structure framework of MoS2 is sensitive to the
alkali-metal-ion intercalation, which could induce a structure transition between trigonal
2H- and octahedral 1T-MoS2 phases accompanied by a change in electronic states between semiconducting and metallic.1214
Such a transition of the structure framework and electronic structure, in turn, should
signiﬁcantly inﬂuence both the electrical
and the ionic migration behavior during the
alkali-metal-ion intercalation/extraction.1214
Therefore, the dynamics of alkali-metal-ion
transport in the layered MoS2 along with the
structure transition are still largely unknown
due to the strong coupling between structure
and properties.8,15
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Figure 1. Tracking Na intercalation in MoS2 nanosheets in real-time by in situ high-resolution TEM. Pristine MoS2 nanosheet
with the viewing direction of (a) [001] and (b) [100]. Schematic showing the battery cell used for in situ TEM measurements
consisting of a MoS2 nanosheet and metallic Na coated by a thin layer of NaOx acting as a solid-state electrolyte. (c) Highresolution TEM image from the edge of a pristine MoS2 nanosheet. Right inset shows an enlarged view of the layered
structure. (d) Same region after sodium insertion showing that the structure becomes defective. The yellow arrows in the right
inset highlight the cracks of the layered structure. (e) Distribution of interlayer distances in the pristine and Na-intercalated
MoS2. In this plot, the mean value for the pristine state is normalized to 0.615 nm. The mean value for the sodium-intercalated
state is measured to be 0.636 ( 0.097 nm.

Here, we use in situ high-resolution transmission
electron microscopy to track the Na intercalation and
structural evolution in MoS2 nanostructures in realtime. Previous study of X-ray diﬀraction (XRD) and
ex situ scanning transmission electron microscopy
performed by Wang et al.15 provides valuable insights
into the global phase change, lattice expansion, and
Na-ion coordination in MoS2. Unlike the bulk-based
techniques that collect information from large areas
of agglomerates or ex situ techniques that involve
inevitable sample variability in microstructures and
potential contamination, in situ transmission electron
microscopy (TEM) allows us to probe in real-time the
phase nucleation, microstructure, and propagation of
the phase boundary, the localized phase distribution,
and the defect-mediated solid-state phase transformations in various functional materials down to the
atomic scale.16,17 Therefore, the in situ TEM study can
give complementary information that is inaccessible
from the bulk-based or ex situ techniques, being a
unique tool to probe solid-state phase transitions in
alkali-metal battery systems.8,1823
We ﬁnd that sodium-ion insertion into MoS2 nanosheets occurs via a two-phase reaction mechanism
initiated by the nucleation of a new phase NaMoS2
and followed by a propagation of the phase boundary
with a velocity of ∼37 nm/s, which is much smaller
than that of lithiation (∼3070 nm/s) reported in the
literature.8 The Na-ion transport within the interlayers
of MoS2 fractures the continuous layered structure
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into a few nanometer-sized domains via formation of
crystal defects. With intercalated Na, MoS2 undergoes
a phase transition from the 2H to a series of superstructured 1T (NaMoS2) phases, forming tiny domains
with a typical size of ∼35 nm. The lattice expansion
caused by insertion of Na is small as the strain is almost
relaxed due to the introduction of high-density defects. These observations provide useful insights into
understanding the mechanism of MoS2-based batteries and the coupling between structure and (both
electrical and ionic) transport properties of the layered
two-dimensional MoS2 material.
RESULTS AND DISCUSSION
The pristine MoS2 nanosheet used for this study
has a trigonal prismatic (2H) structure, as shown in
Figure 1a (JSPDS02-0132; a = 0.315 nm; c = 1.23 nm).
A solid battery cell, consisting of a very thin sheet of
MoS2 and Na counter electrode, was fabricated to work
inside the TEM chamber (Figure 1b; see also Supporting Information Figure S1). The edge of the nanosheet
was usually slightly curved, and therefore, the (001)
planes were also visible at the edge. Figure 1c shows a
typical MoS2 nanosheet with a thickness of ∼5 unit
cells (equivalent to ∼6 nm). In the pristine MoS2 nanosheet, the (001) planes were parallel to each other and
the layer distance was 0.615 nm. After Na intercalation
in Figure 1d, the layered structure of NaMoS2 was
broken into tiny “nanodomains” with a typical size of
∼5 nm separated by the “cracks”. Only within these
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Figure 2. Structural evolution during sodium intercalation. (a) Electron diﬀraction pattern of the pristine single-crystal MoS2
nanosheet. (b) Upon sodium intercalation, superstructure diﬀraction spots appear. (c) With further Na intercalation, the
superstructure spots become intense. (d) Simulated electron diﬀraction pattern of the 2H-MoS2 phase with the electron beam
direction of [201], which matches experimental observation. (e) Enlarged view of electron diﬀraction pattern from
(c), suggesting that the superstructure reﬂections correspond to a structure of 2  2 2H-MoS2. (f) Line proﬁles showing
the intensity evolution of the superstructure reﬂection. (g) Atomistic illustration showing that Na intercalation induces phase
transition from 2H-MoS2 to 1T-NaMoS2. The viewing direction is [100].

nanodomains were the (001) planes parallel to each
other. The mean values of the measured interlayer
distance in Figure 1e indicate a small lattice expansion
(∼1.0%) in the Na-intercalated MoS2. Such subtle
change in lattice was likely due to the formation of
cracks, with which the Na-intercalation-induced strain
has been eﬀectively relaxed.
The consecutive selected area electron diﬀraction
(SAED) patterns were recorded to monitor the overall
structural evolution upon Na intercalation (Figure 2ac).
The reﬂections at the pristine state (Figure 2a) can be
indexed to 2H-MoS2 seen along the [201] direction,
which was conﬁrmed by the electron diﬀraction simulation shown in Figure 2d (see also Figure S2). Similar to
other alkali-metal ions, the Na also prefers to occupy
the sulﬁde octahedral sites that have the lowest energy
to form NaMoS2.24 Indeed, the Na ions occupying the S
octahedral sites were also directly observed from the
scanning TEM.15 Although accommodation of more
Na was also possible before the conversion reaction
took place (up to 1.5 Na per MoS2), in such a case, the
layered structure can no longer be fully recovered
during deintercalation.15
After a few seconds, superstructure reﬂections start
to appear during sodium intercalation (Figure 2b) and
gradually become intense (Figure 2c). These superstructure reﬂections can be indexed as a 2  2 structure
of 2H-MoS2 (Figure 2e). Upon alkali-metal intercalation
in MoS2, a phase transition from 2H to 1T involving
a transversal gliding of one of the S planes was
proposed a few decades ago12,25 (schematically illustrated in Figure 2f), and was conﬁrmed by the electron
diﬀraction26,27 in 1T-LiMoS2 and 1T-KMoS2 systems.8
However, our simulation indicates that an ideal
1T-NaMoS2 phase has the same electron diﬀraction
pattern as that with the 2H phase without any
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superstructure reﬂections, suggesting that these
superstructure reﬂections are not from a simple 1T
conﬁguration of Na intercalated in MoS2. Although
ordering of alkali-metal ions in the intercalated phase
might cause a similar electron diﬀraction pattern,
previous studies suggested that such superstructure
reﬂections result from the formation of distorted
1T-MoS2 phases.26 Moreover, the measured in-layer
lattice expansion is even subtler than that in the interlayer, which is consistent with previous XRD results.15
The Na transport in MoS2 and phase boundary
motion can be tracked in real-time in Figure 3a. The
two-phase reaction is in agreement with a previous
XRD study.15 In the NaMoS2 domain, the fast Fourier
transform (FFT) pattern also shows a 2  2 superstructure that is consistent with the electron diﬀraction
patterns above. In the high-resolution TEM image, the
superstructure lattice stripes in the Na-intercalated
domain (NaMoS2) have doubled the space of pristine
MoS2. An enlarged view of phase boundary in
Figure 3b that is ﬁltered in the Fourier space by
removing the noise signal shows that the measured
width of the phase boundary is ∼2 nm. Similar phase
boundary between 2H- and 1T-MoS2 has been proposed as an intermediate phase with distorted
lattice,28 and as a result, a larger strain gradient exists
across the phase boundary. This explains that the
contrast of the boundary in Figure 3b is diﬀerent
(darker) in the ﬁltered high-resolution phase-contrast
TEM image. The area of the Na-intercalated domain is
plotted as a function of time to estimate the Na
migration rate and boundary velocity. The measured
reaction rate of ∼37 nm/s (1050 nm2/s) is much
slower than that of lithium diﬀusion at ∼3070 nm/s8
(see also Figure S3). The sluggish kinetics for sodium
intercalation is likely due to a larger radius (0.116 nm
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Figure 3. High-resolution tracking of the Na transport in MoS2 and reaction front propagation in real-time. (a) Selected highresolution TEM image series showing the propagation of the phase boundary of NaMoS2/MoS2. The dashed yellow lines
roughly highlight the phase boundary as a guide for the eye. The arrows show the boundary propagation direction. At 4 s, the
inset shows a FFT pattern from the NaMoS2 phase. The arrowhead is highlighting the superstructure reﬂection that agrees
with the electron diﬀraction pattern. (b) Enlarged view of the phase boundary at 4 s. The image is ﬁltered in Fourier space
using a mask to select the primary lattice and superlattice frequencies and to remove the high-frequency noise above the
information transfer limit. (c) Area of the sodium-intercalated domain and growth rate (change in domain area with time) are
plotted as a function of time.

for Naþ and 0.076 nm for Liþ in ref 29) and heavier mass
for Na compared to that for Li, thus slowing down the
ionic transport within MoS2.
Figure 4a is recorded from a 1T-NaMoS2 domain with
a thickness of ∼6 nm (see Figure S4). The superstructure in this region is not uniform even at nanometer
scale. Even though the FFT pattern from this selected
area also displays a 2  2 superstructure (Figure 4a),
various nanosized domains with diﬀerent stripe patterns are distinguishable in Figure 4b. These superstructured domains can be indexed to simple 2  1 (or
√
orthorhombic 3  1 indexes; see also Figure S5),
“twinned”, or “triplet” superstructures, indicating that
√
2  1 (or orthorhombic 3  1) superstructure is the
26
elementary cell. Indeed, a previous scanning tunneling microscopy study30 of restacked MoS2 conﬁrmed
that only the 2  1 superstructure is observed at the
surface, and the electron diﬀraction pattern from the
extremely thin region26 also suggested a simple 2  1
superstructure. In our study, the observed overall 2  2
superstructure pattern is likely because both FFT and
electron diﬀraction include a relative large region
containing multidomains, and some of these domains
overlapped with each other along the electron beam
direction. The spatial distribution of these three
elementary superstructure domains with diﬀerent
GAO ET AL.

orientation superstructure can be extracted by inversing the corresponding FFT lattice plane frequencies,
as shown in Figure 4ce. Figure 4f is the color mapping
of three elementary superstructures. The typical size of
each domain is ∼35 nm, and the spatial distribution
is not uniform.
Now we can compare the sodium intercalation with
lithium insertion in the literature.8 Similar to Li, Na ions
can also be intercalated and diﬀuse in MoS2 to form
NaMoS2. After Na insertion, although the layered
structure remains, Na insertion causes many defects
and breaks the layers into small segments with a
typical size less than 5 nm. No signiﬁcant lattice
expansion is observed during Na intercalation, probably because the strain is largely relaxed via the
introduction of a high density of “crack” defects. Both
Na- and Li-ion intercalation can trigger a phase transition from 2H-MoS2 to 1T-NaMoS2 (LiMoS2) as the
simulation31,32 has suggested that the intercalation of
Li or Na in MoS2 can eﬀectively reduce the energy of
phase transition from 2H to 1T, that is, reduction of 0.59
eV for Li intercalation and 0.34 eV for Na intercalation.33
Remarkably, the size of distorted 1T-NaMoS2 domains
is ∼35 nm, which is not observed in the distorted
1T-LiMoS2 domains in the literature.8 During Na diﬀusion, a velocity of the phase boundary is ∼37 nm/s,
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Figure 4. Superstructures in the NaMoS2. (a) High-resolution TEM image of a sodium-intercalated region. The right insets are
the corresponding FFT pattern and schematic illustration of reﬂection spots. The primary lattice frequencies are labeled with
gray, and the superlattice frequencies are in red, blue, and green for three diﬀerent orientations. (b) Various nanosized
domains are distinguishable in the sodium-intercalated phase. The superstructure stripes show diﬀerent orientations. The
schematics below show the corresponding superstructure reﬂections (see also Figure S5). The same TEM image is ﬁltered in
Fourier space using a mask to select only frequencies in (c) red, (d) blue, and (e) green. These maps show the spatial
distribution of the superstructure domains. (f) Color mapping of three types of superstructures, indicating inhomogeneous
distribution.

which is much slower compared to lithium diﬀusion at
∼3070 nm/s.8 The sluggish kinetics for sodium intercalation is likely due to a larger radius29 and heavier
mass for Na compared to Li. The observed distinct
kinetics between Li and Na agree well with the ﬁrstprinciple calculations from which the barrier for Li and
Na diﬀusion between adjacent octahedral sites is
∼0.49 eV34 and ∼0.7 eV,24 respectively.
CONCLUSIONS
In summary, we ﬁnd that Na-ion insertion into MoS2
nanosheets occurs via a two-phase reaction initiated
by nucleation of a new phase of NaMoS2 and followed
by propagation of the phase boundary. The typical
width of the phase boundary is ∼2 nm, and typical
velocity of the phase boundary is ∼37 nm/s, which is
1 order slower than Li diﬀusion. The Na-ion diﬀusion
within the interlayers can fracture the continuous
layered structure into a few nanometer-sized domains

METHODS
To monitor the structural evolution during Na insertion, MoS2
nanosheets with a thickness of a few nanometers were peeled
oﬀ from a single-crystal MoS2. A solid battery cell consists of a
very thin sheet of MoS2 and Na counter electrode. The dynamic
process of Na-ion intercalation in MoS2 nanosheets was recorded with subsecond temporal and lattice-fringe spatial
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via formation of high-density defects to relax the
strain. Meanwhile, the sodium intercalation triggers a
phase transition from 2H-MoS2 to superstructured 1TNaMoS2 phases with the ordering of lattice distortion.
The typical size of tiny superstructured domains is
∼35 nm. Our direct observations reveal the details
of Na-ion intercalation-induced solid-state phase transformation. The similarities and diﬀerences between the
Na and Li diﬀusion dynamics in the same material
provide useful information to ﬁnd suitable electrode
materials for NIBs. Uncovering the coupling of structure, chemical dopants, and electronic states of MoS2
also deepens our understanding of the fundamental
physics in these 2D transition metal dichalcogenides.
Moreover, the capability of tracking ion transport in
solids at atomic-scale spatial and subsecond temporal
resolutions provides unprecedented opportunities
to study the dynamics of solid-state phase transformations.

resolution. MoS2 adapts alkali-metal ions between two sulﬁde
layers due to the nature of the negative charge. The sodiation is
controlled at the stage of intercalation reaction rather than
conversion, within which the MoS2 showed high capacity,
excellent rate, and long cycling life.35 The distance is measured
from multiple spots where the lattice is relatively well-reserved.
The mean values of pristine and sodium-intercalated phases are
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