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ABSTRACT: As a novel and potential transition metal
dichalcogenide (TMDC), NbSe, has low ion diffusion barrier
when applied in energy-storage systems, such as traditional
lithium-ion batteries and novel magnesium-ion batteries
(MIBs). In this work, we have developed a novel hexagonal
NbSe, material with a nanosized surface via a facile
microwave—hydrothermal method. The Li*-storage mecha-
nism of NbSe, with surface conversion and internal
intercalation is thoroughly revealed by in situ X-ray diffraction
(XRD), ex situ high-resolution transmission electron micros-
copy, and ex situ scanning electron microscopy. Besides, Mg**
intercalation mechanism is confirmed via ex situ XRD and ex
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situ X-ray photoelectron spectroscopy for the first time. In addition, as the cathode for MIBs, NbSe, with a nanosized surface
exhibits a high rate capacity of 101 mA h g~" at 200 mA g~' with a high discharge plateau at 1.30 V. Our work builds a deep
understanding of ion-storage mechanisms in TMDCs and provides guidance for designing new electrode materials with high

electrochemical performances.

KEYWORDS: NbSe,, transition metal dichalcogenides, lithium and magnesium storage mechanisms, magnesium ion batteries,

microwave-assisted synthesis

B INTRODUCTION

Electrochemical energy storage (EES) becomes increasingly
important because of the rapid consumption of fossil fuels and
the large-scale development of low-cost, clean, and stable
electric energy.' ™ As a typical EES device, lithium-ion
batteries (LIBs) have been powering most of the portable
electronic devices for several decades owing to their high
energy density and long cycle life.”” Magnesium-ion batteries
(MIBs), as another battery prototype, also attracted great
attention recently because of their high volumetric energy
density, high safety, and low cost."~'" Transition metal
dichalcogenides (TMDCs) used as the electrode material
have been explored for many years because of their two-
dimensional layered structure and weak interlayer van der
Waals forces, which are propitious to lithium and magnesium
storage.”””"” To further develop kind of materials, deep
investigations about the ion-storage mechanisms in these
materials are necessary.

NbSe,, as one of the attractive TMDCs, has received wide
attention in research because of its superconductivity and
charge density wave transition at low temperatures,*™*' but
little exploration has been done in LIBs and MIBs. In fact, the
great application potential of this material for Li storage
because of its low diffusion barrier has been predicted by Lv et
al.>* based on the first-principles calculation. As far as we
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know, NbSe, was recently applied in LIBs only by Hitz et al.
but without any investigation of the ion-storage mechanism.”*
To further promote the development of NbSe, electrode
material in EES and provide guidance for designing new
electrode systems for high-performance LIBs and MIBs, the
Li*- and Mg -storage mechanisms in NbSe, should be
thoroughly investigated.

Herein, a novel hexagonal NbSe, is facilely synthesized via
microwave—hydrothermal method for the first time. Li'-
storage mechanism of NbSe, with surface conversion and
internal intercalation is first thoroughly proved by in situ X-ray
diffraction (XRD), ex situ high-resolution transmission
electron microscopy (HRTEM), and ex situ scanning electron
microscopy (SEM). Besides, the Mg*" intercalation mechanism
is also confirmed via ex situ XRD and ex situ X-ray
photoelectron spectroscopy (XPS). Meanwhile, after micro-
wave treatment, NbSe, exhibits a superior high rate capacity of
101 mA h ¢! at 200 mA g~ with a high discharge plateau
around 1.30 V in coin-type MIBs with all phenyl complex
(APC) as the electrolyte and Mg metal as the anode.
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Figure 1. Structural and morphological characterizations of NbSe, and NbSe,-M. XRD patterns (a) and Raman spectra (b) of NbSe, and NbSe,-
M. SEM (c), TEM (d,e), and HRTEM (f) images of NbSe,-M. (g) SEM image and its corresponding EDS elemental maps of NbSe,-M.

B EXPERIMENTAL SECTION

Synthesis of NbSe, with a Nanosized Surface. Typically, 0.1 g
of dark gray NbSe, bulk (Nanjing MKNANO Tech. Co. Ltd,
99.95%) was added to 30 mL of deionized water followed by
ultrasonic treatment and fiercely stirring to be fully dispersed and
dissolved. Then, the acquired suspension was transferred into a special
Teflon-lined autoclave and subjected to microwave hydrothermal
treatment in a XH-300UL+ ultrasonic ultraviolet light synthesis
detector with a two-step process of being kept at 100 °C for 5 min,
followed by being maintained at 180 °C for 12 h (heating rate: 10 °C
min~') along with stirring in the whole process. The pressure and
power were required to be lower than 4 MPa and 600 W, respectively.
After natural cooling to room temperature and washing with
deionized water and alcohol several times, the collected precipitation
was dried at 80 °C in vacuum to obtain the final black product (noted
as NbSe,-M).

Material Characterization. XRD patterns of the products were
recorded on a Bruker D8 ADVANCE X-ray diffractometer with a
non-monochromatic Cu Ka X-ray source to characterize the
crystallographic information. Raman spectra were employed for
internal chemical bond information using a Horiba Scientific
LabRAM HR Evolution Raman microscope. SEM images and
energy-dispersive spectroscopy (EDS) elemental maps were obtained
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using a JEOL-7100F SEM/EDS microscope. TEM and HRTEM
images were recorded by JEM-1400 and JEM-2100F electron
microscopes, respectively. XPS measurement was employed with a
VG Multi Lab 2000 instrument.

Electrochemical Measurements. The electrochemical perform-
ance was tested at room temperature (25 °C) by assembling CR2016-
type coin cells in a glovebox filled with pure argon gas (O, < 1 ppm
and H,0 < 1 ppm). For LIBs, NbSe,-M was used as the cathode,
lithium foil as the anode, and 1 M LiPFy in ethylene carbonate/
dimethyl carbonate/ethyl methyl carbonate = 1:1:1 (vol %) as the
electrolyte. For MIBs and magnesium—lithium hybrid batteries
(MLHBs), NbSe,-M was used as the cathode, Mg foil as the anode,
0.25 M APC and 1 M LiCl in 0.25 M APC as electrolyte. A Whatman
glass fiber (GF/D) was used as the separator. The electrodes were
fabricated to form a circular film with 60 wt % sample as the active
material, 30 wt % acetylene black, and 10 wt % poly tetra
fluoroethylene (PTFE) using a roller mill and then dried in an
oven for over 12 h at 70 °C. The mass loading was about 5—7 mg
cm™2. Galvanostatic charge—discharge (GCD) profiles were measured
through a multichannel battery testing system (LAND CT2001A).
Cyclic voltammetry (CV) measurements were carried out at an
electrochemical workstation (Autolab PGSTAT 302).
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Figure 2. CV curves of the initial three cycles under the scan rate of 0.1 mV s™! (a) and GCD profiles of the first three cycles at 0.1 A g™" in the

voltage window of 0.01-3 V (b) of NbSe,-M for LIBs.
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Figure 3. Li*-storage mechanism of NbSe,-M. (a) In situ XRD measurement and its corresponding GCD profiles at 0.2 A g™'

W

S iNbSez (108

321A
H NbSez (008)

in the voltage

window of 0.01—3 V. Ex situ HRTEM after the sample is charged to 3 V (b) and discharged to 0.01 V (c—e) in the second cycle. (f) Schematic

illustration of Li*-storage mechanism in the first and second cycles.

B RESULTS AND DISCUSSION

Structural and Morphological Characterizations of
NbSe, and NbSe,-M. The XRD patterns are all well-indexed
to the hexagonal NbSe, with a space group of P6;/mmc (194)
and a = 3.4446 A, ¢ = 12.5444 A (JCPDS no. 01-072-0864,
Figure la). After microwave treatment, the phase of NbSe, is
unchanged. For a further investigation of the effect of
microwave treatment on the internal chemical bonds of
NbSe,, Raman spectra were collected. The characteristic peaks
located at ~144 and ~237 cm™ correspond to E, and E,
modes of NbSe,, respectively (Figure 1b).”*** The substantial
increased density of the peak at the E;; mode suggests the
strengthened interlayer bonding.”® Obviously, compared to
that of NbSe,, the peak of the E,, mode of NbSez-M is
broadened, which indicates the smaller crystal size”” brought
by the nanosizing function of microwave (gray rectangular area
in Figure 1b). Besides, the down shift of E;, and E,, modes
after microwave treatment is caused by the surface stress,”*>’
which probably derives from the recrystallization of the crystal
surface. SEM was used to directly observe the morphologies of
NbSe, samples with or without microwave treatment. Without
being treated, the material is smooth bulk with the size of 10—
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30 um (Figure S1); after being treated, nanoparticles of <400
nm grow on the surface of the bulk (Figure 1c). TEM images
were measured to further observe the micromorphology.
Figure 1d shows that the nanoparticles are about 200 nm in
length and ~100 nm in width. Figure le further displays that
there still exists plenty of smaller nanoparticles distributed on
the edge of the main body of the NbSe, nanoparticle. The
(004) and (006) atomic planes with a lattice spacing of 3.14
and 2.09 A of the hexagonal NbSe, can be clearly observed in
the HRTEM images (Figure 1f). Elemental mapping results
shown in Figure 1g demonstrate that Nb and Se elements are
uniformly distributed in NbSe,-M.

Electrochemical Performance for LIBs. First, Li*-storage
performance was investigated via assembling CR2016-type
coin cells with NbSe,-M as the cathode, lithium foil as the
anode, and LiPFy as the electrolyte. CV measurements were
performed to describe the lithium-storage behavior in a voltage
range from 0.01 to 3 V (vs Li*/Li) at the scan rate of 0.1 mV
s~ (Figure 2a). In the first discharge process, a broad cathodic
peak located at 1.65 V corresponds to the irreversible phase
transition (from H—NbSe, to H'—NbSe,, Table S1) and the
conversion of H—NbSe, revealed by later in situ XRD (Figure
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3a). The following relatively sharp reduction peak at 0.63 V
can be ascribed to the conversion reaction of H'—NbSe,
confirmed by later in situ XRD and ex situ HRTEM (Figure
3a,b—e) assisted by the previous reported work of
selenides.*”*" The exceedingly sharp cathodic peak at 0.08 V
can be attributed to the formation of a solid electrolyte
interface on the fresh electrode surface.’” In the second charge
process, a reversible anodic peak at 1.84 V can be assigned to
the deintercalation of Li* from H’'—NbSe, proved by later
analysis. The sequential peak located at 2.09 V can be ascribed
to the oxidation of Li,Se to polyselenides (Li,Se,, 4 < n <
8).*” In the second discharge process, as the inverse reaction
appeared at 1.84 and 2.09 V, a reversible cathodic peak at 1.85
V is attributed to the intercalation of Li* into H'—=NbSe, and
the reduction of polyselenides to Li,Se. Analogously, the
sequential two reversible cathodic peaks at 0.83/0.42 V can be
attributed to the conversion of H'—NbSe,. The reasons for the
ascriptions of peaks in the third cycle resemble those in the
second cycle because of the ignorable peak shifts. Obviously, a
larger peak area owned by low-potential redox peaks indicates
their greater contribution to capacity.”> GCD profiles at 0.1 A
g”' are shown in Figure 2b. NbSe,-M delivers an initial
capacity of 569 mA h ¢! but decreases to 313 mA h g™
because of the irreversible reactions mentioned in the above
discussion. Obviously, three inconspicuous plateaus at ~1.75/
0.75/0.25 V are matched with the three reduction peaks of the
first discharge process in the CV curves.

Li*-Storage Mechanism of NbSe,-M with Surface
Conversion and Internal Intercalation. In situ XRD was
carried out to investigate the mechanism of lithium storage in
NbSe, for the first time. The discharge—charge voltage profiles
and potential plateaus have little difference compared to those
in Figure 2b, which originates from the different test molds. As
shown in Figure 3a, all diffraction peaks of the pristine sample
can be well-indexed to the hexagonal NbSe, (noted as H—
NbSe,, JCPDS card no. 01-072-0864). During the discharge
process from 2.40 to 1.50 V (noted as stage I) in the first cycle,
an apparent discontinuous down shift is observed, indicating a
typical heterogeneous reaction.”* In contrast to the gradually
weakened pristine H—NbSe, phase, new phases whose
diffraction peaks are located at ~26.3°, ~30.3°, ~32.4°, and
~35.8° become strengthened and match well with the cubic
Li,Se (JCPDS card no. 00-023-0072) and another hexagonal
NbSe, (noted as H'—NbSe,, JCPDS card no. 01-089-5314),
respectively. The above irreversible heterogeneous reaction
(noted as RI) includes two processes and can be suggested as

H — NbSe, + xLi — Li H — NbSe,

H — NbSe, + 4Li — 2Li,Se + Nb (RI)

In stage IT (1.50—0.01 V in the first discharge and 0.01—1.70
V in the second charge, namely, the low plateau), a little shift is
observed, which can be ascribed to the reversible conversion
reaction (noted as RII) of H'—=NbSe,.”* Thus, the reaction can
be expressed by the following equation

Li;H — NbSe, + (4 — x)Li < 2Li,Se + Nb (RII)

In stage III (1.70—3 V in the second charge and 3—1.40 V in
the third discharge, namely, the high plateau), the peaks of
H’'—NbSe, continuously move toward higher 20 angles and
then reversibly shift back to their original positions because of
the reversible Li* extraction/insertion in H/—NbSez.34 The
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reaction (noted as RIII) can be described by the following
equation

H' — NbSe, + xLi <> Li H' — NbSe, (RIII)

In addition, compared to the obvious shifts of H'=NbSe,, a
reversible small peak shift of Li,Se in the narrower voltage
window of 1.8—2.2 V is observed, corresponding to the
oxidation—reduction reaction between Li,Se and polysele-
nides.”> The reversible reaction is suggested as

Li,Se + (n — 1)Se < Li,Se, (4 < n < 8) (RIV)

Ex situ HRTEM of the fully discharged—charged materials
was carried out to further confirm the reaction product. When
charged to 3 V in the second cycle, only single H'—NbSe,
phase exists, as expected in Figure 3b. When discharged to 0.01
V, the lattice fringes of Li,Se can be recognized in Figure 3¢,
which indicate the conversion reaction between lithium and
H'—NbSe,. In addition, a larger interplanar spacing of (100)
and (008) planes (3.04 A vs 2.98 A and 3.21 A vs 3.15 A,
namely discharged states vs standard states) in H'—NbSe, is
observed in Figure 3d,e, suggesting that the Li* ion
intercalation into the interlayer of H'—NbSe, induces the
lattice expansion.'” The above observations further confirm the
coexistence of conversion reactions and intercalation reactions
of H'—NbSe, in lithium storage.

The schematic illustration of the heterogeneous reaction
mechanism includes the phase transformation of NbSe, itself
in the first cycle, its conversion reaction in the low plateau, as
well as the following intercalation reaction and oxidation—
reduction reaction between Li,Se and polyselenides in the high
plateau, as shown in Figure 3f. Assisted by ex situ SEM, the
whole process is clearly recorded (Figure S2). After discharged
to 1.65 V in the first cycle, the pristine H—NbSe, bulk
transforms into the size-reduced cubic-shaped H’'—NbSe,.
When further discharged to 0.01 V, part of the bulk twists and
deforms that corresponds to the conversion of H'—=NbSe,, and
the other well-preserved part is matched with the intercalation
reaction, which is similar to the size-controlled intercalation-to-
conversion mechanism of lithium storage in NbSe;.*® When
charged back to 3 V, crystallized nanoparticles appear in the
position where the deformed part existed, indicating the
inverse process.

Electrochemical Performance for MIBs. Mg**-storage
performance was investigated via assembling CR2016-type
coin cells with NbSe, and NbSe,-M as the cathode, Mg metal
as the anode, and APC as the electrolyte. Figure 4a,b shows the
CV curves and GCD profiles of NbSe, and NbSe,-M.
Apparently, a small capacity of NbSe, with no plateau is
observed. On the contrary, NbSe,-M delivers a high discharge
capacity of 101 mA h g~' with a stable discharge plateau of
1.30 V at the current density of 200 mA g~', corresponding to
the energy density of 131.1 W h kg™' (based on the weight of
active materials) and 0.47 Mg** intercalation per formula unit
(Le™ transfer ~# 107 mA h g™') of NbSe,. The reversible peak
pair of 1.77/1.30 V can be assigned to the deintercalation/
intercalation of the Mg** ion, which is proved by subsequent ex
situ XRD and ex situ XPS. The relatively great enhancement of
Mg*" storage through controlling microwave treatment can be
ascribed to the reduced crystal size during the recrystallization
of NbSe,. At S0 mA g~', NbSe, shows poor cycling
performance; on the contrary, even at a high current density
of 500 mA g~', NbSe,-M exhibits much better cycling stability
(Figure 4c). In the first cycle, a discharge capacity of 134 mA h
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Figure 4. Electrochemical performance of NbSe, and NbSe,-M for
MiIBs. (a) CV curves under the scan rate of 0.1 mV s™'. (b) GCD
profiles in the voltage window of 0.01—2 V. (c) Cycling performance.

g~ is obtained followed by a rapid capacity fading (decreases
to 57 mA h g™') in the second cycle, which can be attributed to
the irreversible insertion/exertion of Mg7~+ in the first cycle.
This phenomenon can also be observed in Figure S3. In the
first cycle, a broad cathodic peak at 0.74 V corresponds the
Mg’* intercalation into NbSe,-M hosts and other irreversible
side reactions.”” In the following cycles, the capacity of NbSe,-
M gets decreased because of the strong polarization of Mg**,
which is derived from its bivalent nature that leads to a strong
electrostatic interaction with the host ions during the
insertion/deinsertion process.”® EDS mappings of the Mg
element before (blank group) and after the GCD test further
explain the insertion of Mg** into NbSe,-M host because of the
relative increase of the Mg signal at the same situation (Figure
S4). The diffusivity coefficient of Mg®* in NbSe,-M is
calculated between 3.06 X 107% to 3.17 X 107 cm® s™' by
galvanostatic intermittent titration technique measurements
(Figure S5).*” Comparison of the reported cathode materials
in the discharge plateau versus the specific capacity for coin-
type MIBs with APC as the electrolyte and Mg metal as the
anode is shown in Figure S6. Compared with other cathode
materials, whether TMDCs," ™" Mo,Sg CPs,” or vanadium-

based or titanium-based layered oxides,””*"** NbSe,-M shows
the highest discharge plateau of 1.30 V and a good specific
energy density of 131.1 W h kg™ (Table S2).

Mechanism of Reversible Intercalation of Mg?* in
NbSe,-M. Ex situ XRD was used to explore the Mg*'-storage
mechanism of NbSe,-M for the first time, which exhibits a
completely different structural change behavior compared with
that in LIBs (Figure Sa). First, during the discharge of the
initial cycle, a continuous but slow successive down shift is
observed, indicating the Mg** insertion into H—NbSe, (Figure
Sa,d). It is worth noting that strong peaks at ~14.2° and
~41.7° indexed to (002) and (104) planes resist the
inescapable rising potential and move to lower 26 angles, but
another strong peak at ~43.2° matched to the (005) plane
succumbs and moves much slowly, which may be associated
with the intrinsic properties of planes and their orientation
change caused by Mg®" intercalation (Figure Sb,c). In the
second cycle, all diffraction peaks of H—NbSe, first shift
toward higher 26 angles during charge and reversibly move
back to their original positions, which can be ascribed to the
continuous lattice contraction and expansion caused by Mg>*
extraction and insertion.’® In addition, three peaks located at
~18.2° ~22.5°, and ~26.7° are well-indexed to the binder
PTFE (JCPDS card no. 00-054-1595), precipitated MgCl,
(JCPDS card no. 01-070-2746), and the conductive agent
acetylene black (JCPDS card no. 00-026-1076), respectively.
Ex situ XPS of the fully discharged—charged sample was taken
to further confirm the valence states of Nb and Se elements in
the reaction product. When charged to 2 V in the second cycle,
the peaks at 210.2 and 207.3 eV can be attributed to Nb*;*
and the peaks located at 205.8 and 203.1 eV can be ascribed to
Nb*** because the irreversible capacity loss that leads to Nb**
are not fully reduced to Nb** (Figure Se). When discharged to
0.01 V, only small down shifts of these peaks within 0.3 eV are
observed, indicating the uncharged valence states of Nb
(Figure 5f). However, the ratio of the peak area of Nb**/Nb*
gets larger, suggesting the further reduction of Nb*". As for the
Se element, down shifts of the peaks at 53.7 and 53.0 eV are
less than 0.3 eV, corresponding to the constant Se*~ (Figure
5gh).* In addition, strong peaks of Cl 2p*® and Mg 2p*’
appear because the precipitated MgCl, originated from the
APC electrolyte (Figure Se—h). The results of XPS further
demonstrate the Mg** extraction/insertion into H—NbSe,.

Electrochemical Performance for MLHBs and the
Lithium—Magnesium Cointercalation Behavior. To
further improve the capacity and cycling stability of NbSe,-
M in MIBs, introducing lithium salt (such as LiCl) into the
APC electrolyte has been proved to be an effective way to
reduce the strong polarization of Mg*" for the priority of Li"
species competing with Mg?* species based on faster
intercalation dynamics.**™>° As a result, MLHBs were
assembled with NbSe,-M as the cathode, Mg metal as the
anode, and 1 M LiCl in 0.25 M APC as the electrolyte. CV
curves of the initial three cycles are shown in Figure S7a.
According to the above conclusion of lithium and magnesium
storage mechanisms, the peak at 1.15 V (vs Mg**/Mg) in the
first discharge can be assigned to the phase transition and
conversion of H—NbSe, as well as the Mg’* intercalation and
other irreversible side reactions. The sequential oxidation
peaks at 1.36 and 1.71 V correspond to the Li* and Mg**
deintercalation into NbSe,-M host, respectively. The cathodic
peak at 1.25 V can be ascribed to the cointercalation of Li* and
Mg*" because of the adjacent Mg** intercalation potential of
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Figure 5. Mechanism of reversible intercalation of Mg>* in NbSe,-M. (a—c) Ex situ XRD measurements and its enlarged drawing of (002), (104),
and (00S) planes. (d) Corresponding GCD profiles. (e—h) Ex situ XPS spectra of Nb and Se elements when the sample is charged to 2 V and

discharged to 0.01 V in the second cycle.

1.30 V and the Li* intercalation potential of 1.27 V (vs Mg/
Mg) in the second discharge. In addition, the lower potential
(below 0.5 V) peaks are related to the conversion reaction
between lithium and NbSe,-M because almost no peaks below
0.5 V in MIBs are observed. Compared with pure Mg**
insertion/extraction, Mg**/Li* cointercalation delivers higher
capacity of 123 mA h g™' and much better sustained capacity
of ~47 mA h g~' at 100 mA g~" after 100 cycles, ~37 mAh g™
at 200 mA g~ after 200 cycles, and ~26 mA h g™' at S00 mA
g™! after 300 cycles (Figure S7b,c).

B CONCLUSIONS

In summary, we have developed a novel hexagonal NbSe, with
a nanosized surface by a simple and effective microwave—
hydrothermal method. The Li*-storage mechanism of NbSe,
with surface conversion at a low plateau and internal
intercalation at a high plateau after the irreversible phase
transition in the first cycle is revealed. The different ion-storage
mechanisms in the surface and internal phase can be ascribed
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to the size of NbSe,, bringing distinct mechanical and chemical
effects when the Li* ions enter the host. Besides, Mg**
intercalation mechanism is also confirmed. As the cathode
for MIBs, it exhibits a high rate capacity of 101 mA h g™" at
200 mA g~ with a high discharge plateau of 1.30 V in the
system of coin-type batteries consisting of APC as the
electrolyte and Mg metal as the anode. The above findings
build a deep understanding of ion-storage mechanisms in
TMDCs and provide guidance for designing new electrode
materials with high electrochemical performances.
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