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ABSTRACT: Transition-metal chalcogenides (TMCs) can
be used either as intercalation cathodes or as conversion-
type anodes for lithium ion batteries, for which two
distinctively different lithiation reaction mechanisms govern
the electrochemical performance of TMCs. However, the
factors that control the transition of lithiation mechanisms
remain elusive. In this work, we investigated the lithiation
process of NbSe; ribbons using in situ transmission electron
microscopy and observed a size-dependent transition from
intercalation to the conversion reaction. Large NbSe;
ribbons can accommodate high concentrations of Li*
through intercalation by relaxing their internal spacing,
while lithiation of small NbSe; ribbons proceeds readily to
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full conversion. We found that the size-dependent variation of the lithiation mechanism is associated with both Li*
diffusion in NbSe; and the accommodation of newly formed phases. For large NbSe; ribbons, the intercalation-to-
conversion transition is impeded by both long-range Li" diffusion and large-scale accommodation of volume expansion
induced by the formation of new phases. These results demonstrate the inherent structural instability of NbSe; as an
intercalation cathode and its high lithiation rate as a promising conversion-type anode.
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extensively investigated in recent years as catalysts for
the hydrogen evolution reaction, high-performance
electronics, and especially energy storage applications such as

Transition-metal chalcogenides (TMCs) have been

high-energy capacitors and lithium/magnesium ion bat-
teries.' > The layered or tunneled structures make TMCs a
natural host to conveniently accommodate guest alkali ions
such as Li* and Mg". Hence, TiS, and MoS, were chosen as
intercalation cathode materials for lithium ion batteries (LIBs)
in the early designs of rechargeable LIBs.»* Similarly, TiS; and
NbSe; were also studied as candidate cathodes for rechargeable
LIBs until the 1990s.°~"° Despite the exceptional performance
of TMCs as cathode materials, the metal Li anode in the system
consistently brought safety problems because of the growth of
Li dendrites during the charge/discharge process.11 Also, with
the commercialization of LiCoO,, LiFePO,, LiMn,O,, and
other high-voltage multimetal oxides as cathode materials, the
exploration of TMCs has been largely deterred. Until recently,
studies of nanostructured or few-layer transition-metal
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chalcogenides (TMCs) and their nanocomposites as con-
version-type anodes for LIBs have been revived, largely
encouraged by the discovery of graphene and other two-
dimensional materials. MoS, nanoflakes, nanoplates,13
exfoliated and restacked MoS,'* and its nanocomposites,' '
and WS, and its nanocomposites'”'® often exhibit specific
capacities of 600—1100 mA h g™". Besides, TiS, and Mo$S, have
been revisited as cathode materials for all-solid-state LIBs'® and
magnesium ion batteries.”’~>” It is expected that all TMCs with
weak van der Waals interactions can be used as conversion
anodes.

Despite numerous synthesis and electrochemical perform-
ance studies of layered TMCs, fundamental understanding of
their lithiation mechanisms have rarely been explored.”>**
Recently, a planar LiMoS, battery was investigated by an in situ
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method, revealing the effect of the lithiation process on the
specific capacity and rate performance.”® Also, the trigonal-
prismatic (2H)-to-octahedral (1T) phase transition with a
lithium ion occupying the interlayer S—S tetrahedral site has
recently been directly observed during lithiation of MoS,
nanosheets.”® However, after 120 s the lithiated MoS, is
converted to amorphous Li,S. The weak van der Waals forces
between layers enable hosting of guest ions between the layers
or in the tunnels but also cause potential structural instability of
the cathode matrix during the intercalation/extraction process.
Recent first-principles calculations”” show high Li* and Mg*
mobility on TMC nanotubes, resulting in thermodynamically
unstable structures upon ion insertion. Although these results
show the structural changes of TMCs as an intercalation
compound during Li* insertion, the ways that the layered or
tunneled structures of TMCs change/degrade upon the Li*
insertion and further react with Li* to achieve large capacities as
conversion-type anodes are still unclear. In this work, we used
in situ transmission electron microscopy (TEM) to investigate
the structural and chemical changes of NbSe; ribbons upon
lithiation. We have found that the NbSe; lithiation process is
highly dependent on the size of the NbSe; ribbon: larger NbSe;
ribbons (a few hundred nanometers in diameter) can host Li*
through lattice distortion, while the lithiation of small NbSe;
ribbons (<100 nm in width) proceeds quickly to the conversion
reaction, represented by the formation of Li,Se. This variation
in the mechanism of NbSe; lithiation is attributed to the
diffusion of Li* and the accommodation of volume expansion
accompanied by the formation of new phases in the pristine
nanostructures.

RESULTS AND DISCUSSION

NbSe; grows as ribbonlike crystals with each Nb atom at the
center of a trigonal prism of Se atoms, which are arranged in
chains along the y axis of the monoclinic structure. The chains
are held together by quasi-van der Waals forces, similar to those
in layered TMDs, which makes NbSe; a quasi-layered structure
with layers made up of trigonal-prismatic chains. The scanning
electron microscopy (SEM) image in Figure 1A shows the
typical overall morphology of the NbSe; ribbon with a lateral
size ranging from subhundred nanometers to a few microns.
Figure 1B,C presents high-resolution TEM (HRTEM) and
high-angle annular dark-field scanning TEM (HAADF-STEM)

Figure 1. (A) SEM image of the overall morphology of NbSe,
ribbons. (B) HRTEM and (C) HAADF-STEM images showing the
chain structure of a NbSe; ribbon. (D) Schematic atomic structure
of a NbSe; ribbon from the projected view along the z axis (upper)
and an atomic-scale HAADF-STEM image (lower) revealing the
chain structure of a pristine NbSe; ribbon.
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images of the chain structure of NbSe;, revealing the internal
spacing for hosting Li". Figure 1D shows a schematic
illustration of the crystal structure of NbSe; projected along
the z axis (upper panel), matches well with the atomic structure
revealed by the HR-HAADF image (lower panel). It is noted
that the chain structure of NbSe; can be seen as a layered
structure along the projection view along the z axis as shown in
Figure 1C,D, and our observations are also based on this
direction. The lithiation experiment was conducted using a
nanobattery setup as illustrated in Figure S1. The NbSe;
ribbons were loaded on a Pt tip and brought to contact with
Li,O-covered Li metal preloaded on a W tip inside the TEM
chamber. A negative bias (=2 V) was applied on the Pt end,
driving diffusion of Li* through the Li,O (working as a solid
electrolyte) to react with NbSe;. On the contrary, the
delithiation process was realized by applying a positive bias to
NbSe;.

Figure 2 shows a series of time-resolved bright-field TEM
images captured from movie S1 (upper panel) and the
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Figure 2. (A—C) Time-resolved TEM images and corresponding
SAED patterns for the lithiation process of a large (~300 nm in
width) NbSe; ribbon. (D) Schematic illustrations of pristine and
intercalated NbSe; from the projection view along the y axis
showing the expanded interchain spacing.

corresponding selected-area electron diffraction (SAED)
patterns (lower panel) depicting the lithiation process of a
NbSe; ribbon. Immediately after application of the bias, as
shown in Figure 2A, the diffraction contrast of the chain
structure of NbSe; changes and moiré fringes show up both
parallel and perpendicular to the chain direction, which reflect
the onset of strains caused by lattice expansion. After 256 s, the
chain structure of NbSe; is still seen in the TEM image, but the
SAED pattern in Figure 2B shows that diffraction spots
elongate to form streaks along the direction perpendicular to
the chains. This means that the interchain spacing varies from
area to area along the chains while the atomic structure in each
chain is maintained, indicating heavy Li" intercalation and a
strongly interacted surface of each chain. The diffraction
contrast from the chain structure of the NbSe; ribbon has
disappeared after ~300 s, and instead, a more uniform mass—
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thickness contrast shows up on the NbSe; ribbon, as shown in
Figure 2C. However, the corresponding SAED pattern still
shows streaks, and the distance of the atomic planes in the y
direction is maintained besides the emergence of Li,O,
indicating that the atomic structure of each chain is still intact.
This lithiation process, illustrated in Figure 2D, causes an
expansion of the interchain spacing in both the x and z
directions while the atomic structure in the y direction remains
unchanged, and it also causes sliding between chains. This
lithiation process with expansion along only the x and z axes
has been reported for Li intercalation of NbSe; up to 3Li". Here
we have shown that under a much larger driving force (-2 V),
the lithiation of this NbSe; ribbon proceeds predominantly
through an intercalation mechanism with most of the chain
structure retained.

To further elucidate the structure of lithiated NbSe;, we
found a ribbon with a thin edge, as shown in the STEM-
HAADF image in Figure 3A, which was lithiated for a few

NbSe,+Li*

PR E T T T

20nm

Figure 3. (A) HAADF-STEM image of a pristine NbSe; ribbon with
a thin edge. (B) TEM image of the lithiated NbSe; ribbon. (C)
Enlarged area from the white box in (B). The distinct regions from
the edge to the center of the NbSe; ribbon are shown by the white
dashed lines. (D, E) HRTEM images from two of the regions in

(€).

minutes. The TEM image in Figure 3B shows distinctive
contrast for regions from the surface to the center of the
lithiated NbSe; ribbon. In the enlarged view in Figure 3C, three
regions are marked by the white dashed lines. The outermost

region (~10 nm in width) corresponds to the surface Li,O
formed by the excess supply of Li" on the surface of ribbon,
which also was shown in the SAED pattern in Figure 2D. The
intermediate region (~20 nm in width) and inner region were
further examined by the HRTEM images in Figure 3D,E. The
square lattice in Figure 3D is well-matched with the face-
centered cubic structure of Li,Se, which confirms that the
conversion reaction took place in the region near the surface.
The inner region of the lithiated NbSe; ribbon shows obvious
changes from the pristine NbSe; structure but still maintains
the chain structure, as evidenced by HRTEM image in Figure
3E, which is in accordance with the SAED patterns in Figure
2B,C showing the preserved crystal structure of NbSe;. This
observation indicates that the large inner region of this NbSe;
ribbon is the intercalation region, where Li* ions are well-
accommodated among the chains by relaxation of the
interchain spacing. The above results show that the lithiation
of NbSe; ribbons with a lateral dimension of a few hundred
nanometers results in a conversion reaction in the surface
region but intercalation in the majority of the inner region of
the ribbon. This variation of the lithiation reaction mechanism
between the surface and inner bulk regions of NbSe; ribbons
implies a possible effect of size on the lithiation behavior of
TMC nanostructures since the size of the nanostructure can
change the surface-to-volume ratio significantly, which may lead
to distinctive lithiation behavior. This hypothesis is supported
by the following experimental observations.

We also examined the lithiation process of a much smaller
NbSe; ribbon with dimensions of ~326.8 nm X 50.2 nm
(Figure 4A). The lithiation of this ribbon proceeded extremely
fast and was essentially complete within a few seconds. The
lithiated ribbon expanded from 50.2 to 133.3 nm laterally, as
shown in Figure 4B. This was mostly due to the unfolding of
the ribbons, and the chain structure was fully converted to a
nanocomposite structure of small nanoparticles embedded in a
matrix, which is a typical structure for conversion-type anode
materials after lithiation.”**” The HAADF-STEM image in
Figure 4C shows that the matrix lattice matches well with that
of Li,Se(111), and the dispersed nanoparticles are Nb metal
nanoparticles with a bright contrast (white dashed circles). The

Figure 4. (A, B) TEM images of a small (A) pristine and (B) lithiated NbSe, ribbon. (C) HAADF-STEM images of the lithiated NbSe; ribbon
showing the Nb metal particles embedded in the Li,Se matrix. The inset is the corresponding SAED pattern.
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inset of Figure 4C shows the SAED pattern of the lithiated
ribbon, which confirms the presence of Nb metal nanoparticles
by the diffusing ring and the Li,Se phase by the labeled
diffraction spots. The above observations reveal that a small
NbSe; ribbon can go through the full conversion reaction
NbSe; + 6Li* + 6e” — Nb + 3Li,Se quickly without an
observable intercalation process and intermediate product. The
high conversion rate is related to the excellent Li* and electron
conductivities of NbSe;. Along with the observation of
intercalation with surface conversion for large NbSe; ribbons,
we see an obvious size-dependent lithiation mechanism for
NbSes, and it is reasonable to speculate that this effect could
also be applied to other van der Waals TMCs, although the
critical size for the intercalation-to-conversion transition may
vary for different materials. For the case of delithiation of the
converted material, the structure was also observed using
HRTEM, as representatively illustrated in Figure S2. However,
the delithiation products appear to be very complicated, and it
is hard to conclusively determine the structure of the delithiated
phase. Therefore, more detailed work must be done regarding
the delithiation mechanism within the current system.

This size-dependent lithiation mechanism observed for
NbSe; can be understood from both chemical and mechanical
aspects. Chemically, the lithiation reaction of NbSe; is
determined by both thermodynamic and kinetic factors. The
kinetic factors such as diffusion of Li" in the NbSe; ribbon and
the nucleation of new phases (Nb, Li,Se) predominate while
the electrochemical potential (the applied bias) of the reaction
is kept the same in the above experiments. The size of the
NbSe; ribbons affects the lithiation kinetics in the following two
ways. First, the NbSe; ribbon with smaller size has a much
larger surface-to-volume ratio, resulting in a much larger
fraction of surface reaction with Li*. The lithiation rate on the
surface of the ribbon is always higher than that in the bulk
because the surface of the NbSe; ribbon is always saturated
with Li* first upon lithiation. Second, Li* diffusion in the bulk of
NbSe; is also facilitated by the smaller size of the NbSe; ribbon.
It is known that diffusion of Li* across chains is much more
difficult than diffusion through the interchain spacing. When
Li* ions diffuse through the interchain spacing, the first ones
always end up anchored on sites close to the entrance (surface)
of the ribbon, and the later Li* ions have to move forward to
the inner area. With a shorter diffusion distance, the conversion
reaction on the surface of ribbons can quickly propagate into
the bulk easily because of the short diffusion length, as shown
in Figure 4. We know that the product of the conversion
reaction for NbSe; is a nanocomposite of the Li,Se matrix
embedded with Nb nanoparticles and that it is neither a good
Li" conductor nor a good electron conductor, which requires a
short diffusion length for the continuing conversion reaction.
Hence, the enhanced Li* diffusion in the NbSe; ribbon with
smaller size facilitates the conversion reaction, while in the
NbSe; ribbon with larger size only the surface region is
converted.

The effect of size on the lithium diffusion conditions
discussed above also implies that we can change the local
chemical condition of NbSe; to change the critical size of the
intercalation-to-conversion transition. To verify this point, we
intentionally chose a small NbSe; ribbon (~50 nm in diameter)
attached to a much bigger ribbon (>200 nm in diameter),
which lowered the electrochemical potential on the small
NbSe; ribbon, leading to a limited Li* diffusion environment
for this ribbon. As shown in the time-resolved TEM images in
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Figure SA—C, this NbSe; ribbon experiences an intercalation
process similar to that depicted in Figure 2A—C in 25 min with

Figure 5. Time-resolved TEM images and corresponding SAED
patterns of the lithiation process of a small NbSe; ribbon (~45 nm
in width) attached to a much bigger ribbon, which shows only
intercalation under limited Li diffusion conditions.

a measured expansion of ~8% in width. The corresponding
SAED patterns shown in the insets of Figure SA,C confirm that
the interchain spacing changes while the atoms within the
chains remain in their original structure, which is also similar to
the observations in Figure 2. Apparently, the limited Li"
diffusion environment prevents the NbSe; ribbon from being
converted for a much longer period of time, which confirms
that the critical size for the intercalation-to-conversion
transition can be changed by local chemical variation.
Mechanically, the conversion-reaction-induced volume ex-
pansion also impedes the conversion reaction, leading to the
surface-only conversion reaction for large-sized NbSe; ribbons.
To understand this retardation effect, it is always intriguing to
see how the pristine chain structure is destroyed mechanically
and how the new phase nucleates and takes the place of the
pristine structure. This process is illustrated at the atomic scale
for the first time for a NbSe; ribbon with a lateral dimension of
~16 nm (~S0 layers), as shown in a series of time-resolved
HRTEM images (Figure 6) captured from movie S2. In Figure
6A, the diffraction contrast of straight lines shows the chain
structure of this NbSe; ribbon, and we see a few segments of
NbSe; with a thickness of 8—10 layers and a length of ~5 nm
embedded in a matrix in the lower-right protruding area. These
segments were possibly stripped from the NbSe; ribbon on the
left before our observation. It is also noted that the defects on
the NbSe; ribbon indicated by the two black arrows are present,
where the conversion reaction initiates later. For the area
indicated by the black arrow at the bottom, a few layers of
NbSe; are stripped from the NbSe; ribbon through attack at
the defect location. After 374 s, a large segment of NbSe,
indicated by white dashed ellipse in Figure 6B starts to become
isolated from the ribbon, and the two ends of this segment are
the two defect locations previously identified by the black
arrows in Figure 6A. After 620 s (Figure 6C), the chain
structure of small segments of NbSe; in the lower-right
protruding area disappears, indicating that they have been fully
converted. In addition, the isolated larger NbSe; segment
indicated by white dashed ellipse shrinks in size from 19.2 to
12.1 nm and the thickness decreases from 10 to 6 layers, also
indicating that this NbSe; segment is converted gradually. In
Figure 6D, the absence of most of the diffraction contrast of
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Figure 6. (A—D) Time-resolved TEM images depicting the
lithiation process of a NbSe, ribbon (~20 nm in width) attached
to a much bigger ribbon, which shows the breaking of the layered
structure leading to an intercalation-to-conversion transition under
controlled Li diffusion conditions. (E) Schematic illustration of this
lithiation showing a segment peeling and conversion process.

straight lines and the emergence of small crystal particles,
indicated by white dashed circles, indicate that the conversion
reaction largely proceeded through this area. The above
observations show that the conversion reaction of NbSe; is
initiated from the sites of defects on the pristine ribbon, after
which segment-by-segment peeling and conversion occur, as
illustrated in Figure 6E. In this way, the nucleated new phases
can be accommodated by a notable volume expansion, as
shown in going from Figure 6A to Figure 6D. This process
apparently takes place more easily for small NbSe; ribbons than
larger ones because the former have a large surface-to-volume

ratio with more surface defects exposed. For larger NbSe;
ribbons, it is hard for new phases to nucleate in the limited
spacing of layered structures. Moreover, as the conversion
reaction proceeds, stress can be generated by the volume
expansion in the unreacted area, which retards and/or halts the
conversion reaction, leading to a ribbon converted only on the
surface with most of its layered structure maintained, as shown
in Figure 3. Figure 7 schematically illustrates the effect of the
size of the NbSe; ribbon on the lithiation mechanism and
highlights that the observed size effect is related to Li* diffusion
and mechanical confinement. Apparently, regardless of the
length or the thickness of the ribbon, intercalation can readily
happen. However, because of the diffusion and mechanical
confinement for conversion, a longer ribbon can be converted
only if it is a thin one. In more general terms, what has been
observed regarding the size effect based on NbSe; can be
extended to other van der Waals TMC:s, but the critical size of
the intercalation-to-conversion transition can be different for
different TMCs. For morphologies other than ribbons, the
general principle of the diffusion-limited and mechanical
confinement effect on the intercalation-to-conversion transition
will still hold true.

We finally discuss the role of van der Waals TMCs as
electrodes in Li or other alkali-metal-based batteries. As a
cathode material, van der Waals TMCs are not structurally as
stable as current cathode materials (e.g., LiCoO,, LiMn,O,, and
LiPO,) since they can electrochemically react with Li. Although
the conversion reaction is mostly limited to the surface for van
der Waals TMCs with larger size, the converted surface area
can inhibit Li" and electron transport during subsequent cycling
of the battery. However, as an anode material, smaller-sized van
der Waals TMCs have higher lithiation rates, and more
complete reversible conversion can be reached.

CONCLUSIONS

We have investigated the electrochemical lithiation mechanism
of the van der Waals TMC NbSe;. A size-dependent reaction
mechanism has been found, featuring a full conversion reaction
for smaller-sized NbSe; ribbons, while the conversion reaction

Large Mechanical
Confinement
—

Intercalation with

/ surface conversion

Large Size TMCs

Small Mechanical
Confinement

Full conversion

Small Size TMCs

Figure 7. Schematic illustration of the effect of size on the lithiation reaction mechanism: the large-sized TMC is dominated by intercalation
and the surface region is subjected to the conversion reaction, whereas the small-sized TMC is fully converted upon lithiation.
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takes place only on the surface of larger NbSe; ribbons with
most of the inner part of the ribbon intercalated with Li". The
observed dependence of the lithiation mechanism on the size of
the NbSe; ribbon is attributed to the size-associated Li*
diffusion and mechanical confinement effect. The critical size
for this intercalation-to-conversion transition can be changed
by modifying the local chemical potential and diffusion
conditions. These fundamental observations of the lithiation
mechanism provide guidance for the rational design of
electrode systems for high-capacity, high-performance Li ion
batteries.

METHODS

NbSe; ribbons were synthesized by a solid-phase reaction. Niobium
powder (99.5% purity, Sinopharm Chemical Reagent Co., Ltd.) and
selenium powder (99% purity, Sinopharm) with a mole ratio of 1:3
were utilized as the reactants. A precleaned quartz tube with a diameter
of S mm was used as a reactor. After the reactants were loaded into the
tube, it was sealed in an argon atmosphere. Subsequently, the sealed
quartz tube was heated to 700 °C at a heating rate of 50 °C/min, and
then the temperature was maintained for half an hour. As it was cooled
to room temperature in a natural cooling process, NbSe; was obtained
in the quartz tube.

STEM images of pristine NbSe; ribbons were collected on an FEI
TITAN 80-300 S/TEM microscope with a probe aberration corrector
using a HAADF detector. SEM images were obtained on a JEOL JSM-
6700F field-emission scanning electron microscope. The in situ TEM
observation of lithiation of NbSe; ribbons was performed on an FEI
ETEM instrument with an objective-lens aberration corrector using a
Nanofactory electrical probe holder. This holder has a dual-probe
design, i.e., one Pt rod was loaded with NbSe; ribbons while a tungsten
tip driven by a piezoelectric motor capable of 3D positioning with a
step size of 1 nm was loaded with Li metal. The Li metal was covered
with a thin layer of Li,O by a few seconds of exposure to air during
sample processing; the Li,O acted as a solid electrolyte. The
electrochemical lithiation was realized by connecting the two probes
inside the TEM chamber. When a negative bias (—2 V) was applied to
the Pt probe with the NbSe; ribbons, the Li ions were driven across
the Li,O to react with NbSe;. We chose NbSe; because it can grow
longer with a larger lateral size (with more stacking layers), which was
suitable for testing our hypothesis of a size-controlled intercalation-to-
conversion transition; other TMCs such as MoS, are usually
synthesized with only a few layers and limited lateral size. At the
same time, NbSe; has better electrical conductivity than most of the
other TMCs, which was preferred in our nanobattery experimental
settings.
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Figures S1 and S2 (PDF)

Movie showing the electrochemical lithiation of a NbSe;
nanoribbon to illustrate the intercalation process (AVI)
Movie showing the electrochemical lithiation of a small
NbSe; nanoribbon (~20 nm in diameter) attached to a
bigger NbSe; to illustrate the intercalation-to-conversion
transition (AVI)
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