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nanosheet@polypyrrole hybrid
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lithium-ion batteries†
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Sang-Mo Koo,b Hiesang Sohn,d Sung-Hoon Park *a and Weon Ho Shin *b

Transition metal dichalcogenides (TMDCs), as next-generation two-dimensional materials, have gained

considerable attention in energy storage applications through the incorporation of functional materials.

In this work, we investigated NbSe2 TMDCs possessing metallic properties through the exfoliation of

mono/few layered nanosheets and their subsequent incorporation with polypyrrole, a conducting

polymer. The charge–charge interaction between the positively charged pyrrole and negatively charged

NbSe2 nanosheets was facilitated through a chemical incorporation method, resulting in

NbSe2@polypyrrole hybrid nanocomposites where the pyrrole molecules polymerized along the surface

of NbSe2 nanosheets. The synergistic effect observed in NbSe2@polypyrrole hybrid nanocomposites

demonstrated high capacity for lithium storage (955 mA h g−1) with excellent cycling stability (>100

cycles) and rate performance (4 A g−1), surpassing the performance of pristine NbSe2 or polypyrrole

electrodes. In particular, the NbSe2@polypyrrole hybrid nanocomposite exhibited 361 mA h g−1 discharge

capacity retention within a charge/discharge time of less than 6 minutes, which is comparable with the

capacity of conventional graphite anodes. Our hybrid approach utilizing TMDCs and carbon structures

could provide significant insight for the utilization of novel TMDC materials in energy storage applications.
Introduction

Transition metal dichalcogenides (TMDCs) are next-generation
2-dimensional materials that have garnered attention due to
their potential applications in various elds, including energy
storage, conversion,1–6 solar cells,7,8 and electrocatalysis.9–12 The
layered structure of TMDC materials consists of strong covalent
bonds along the a and b axes and weak non-covalent van der
Waals interactions along the c-axis. TMDC materials follow an
MX2 stoichiometry, where M is a transition metal and X is
a chalcogenide. This combination gives rise to unique electrical
properties such as superconductivity, semi-conductivity, and
insulation. MoS2 is the most well-known TMDC composition in
terms of its semiconducting properties, but researchers have
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been investigating other TMDC materials for their unique
properties in electronic and energy devices.

Among various TMDCs, NbSe2 has been gaining attention
due to its metallic properties, although limited research has
been conducted compared to that on MoSe2 and WSe2. Despite
its potential as a superconducting material, NbSe2 has not been
thoroughly studied. Wang et al. synthesized monolayer NbSe2
via chemical vapor deposition (CVD) and demonstrated its
superconducting properties according to the number of layers
and temperature.13 Additionally, charge density waves and
superconducting phases were observed in NbSe2 down to
a thickness of one monolayer, with the transition temperature
increasing from 33 K in the bulk to 145 K in the monolayer by Xi
et al.14 Moreover, NbSe2-based composite materials have also
been studied for energy storage devices, both theoretically and
experimentally. For example, Khan et al. reported visible light
active photocatalytic NbSe2@TiO2 nanocomposites using the
increased surface area and visible light absorption capability of
NbSe2.10 Furthermore, Nguyen et al. synthesized NbSe2@-
graphene composites via wet ball milling as an anode material
for lithium-ion batteries (LIBs).4 NbSe2 nanosheets embedded
in carbon nanobers co-doped with N and Se were used in
a potassium-ion hybrid capacitor by Chen et al.15 and Liu et al.
reported a WS2/NbSe2 van der Waals heterostructure as an
ultrafast charging and discharging anode material for LIBs.16

Despite these efforts, there is still a need to develop NbSe2-
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based materials with controlled properties for next-generation
energy and electronic applications.

Utilization of TMDC materials oen requires a monolayer of
the material. Chemical vapor deposition (CVD) is typically used
to prepare monolayer TMDCs due to its potential to synthesize
high-quality and large-sized TMDC layers.13,17 However, the high
cost of the high vacuum system and the limited amount of
synthetic materials hinder versatile applications. An alternative
method for large-scale synthesis of monolayer TMDCs is the Li
intercalation/exfoliation process, where Li atoms intercalate
into weak van der Waals interlayers.18–20 In this work, we
successfully synthesized monolayer NbSe2 through the Li
intercalation/exfoliation process. The prepared NbSe2 nano-
sheets were combined with a conducting polymer to enhance
their electrical transport properties. Polypyrrole (PPy) is
a promising conducting polymer with a nitrogen-containing
conjugated structure that can provide higher electronic
conductivity than carbon alone.21–23

Numerous studies have reported PPy's cost-effectiveness,
environmental stability, and simple fabrication.3,24–26 More-
over, PPy is a positively charged conducting polymer that can
readily realize a composite structure with negatively charged
NbSe2 monolayer nanosheets. Therefore, we fabricated an
NbSe2@PPy hybrid nanocomposite structure as an anode
material for a lithium-ion battery for the rst time. The
prepared NbSe2@PPy structures exhibited (i) a high gravimetric
capacity of 955 mA h g−1, (ii) stable operation for more than 300
cycles without any capacity loss, and (iii) comparable capacity
(361 mA h g−1) with conventional graphite anodes within 6 min
of discharge time. Overall, the hybrid TMDC structure with
NbSe2 and the PPy composite showed outstanding power and
cycling performance that could be used to realize sustainable
energy storage systems.
Experimental section
Materials for NbSe2@PPy synthesis

Bulk niobium diselenide powders (NbSe2, >99.8%) were
purchased from Alfa Aesar. 1.6 M n-butyllithium solution,
iron(III) chloride hexahydrate (>97.0%), polyvinylidene uoride
(PVdF), N-methyl-2-pyrrolidinone (NMP, >99%), hexane
(>97.0%), and ethanol were obtained from Sigma Aldrich. A
pyrrole monomer was purchased from Tokyo Chemical
Industry. Cu foil as a current collector and Li foil used were
purchased from Wellcos Corp. The liquid electrolyte was
prepared by using 1 M LiPF6 solution of ethylene carbonate (EC)
and ethyl methyl carbonate (EMC) (EC : EMC = 3 : 7 v/v) in the
same volume and purchased from Soulbrain Co. CR2032 coin
cells for electrochemical testing were purchased from Wellcos
Corp.
Exfoliation of NbSe2 nanosheets

The NbSe2 powders were placed into a vial and in order to
achieve inert conditions nitrogen gas was purged. Then, n-
butyllithium solution (10 mL) was injected into the vial. Aer
this, the solution was sonicated in a sonication bath at 60 °C,
19084 | J. Mater. Chem. A, 2023, 11, 19083–19090
375 W for 90 min. While lithium-ions intercalated into the
layers, some unreacted ions remained. Thus, the washing
process was performed two times using hexane. Then, deion-
ized water was injected into the lithium intercalated NbSe2
powders to activate the reaction between lithium-ions and
water. During the reaction, hydrogen gas, which is the main
driving force to exfoliate the layers was generated. Finally, the
NbSe2 suspension was centrifuged to select mono- or few-layer
NbSe2 nanosheets at 600 rpm for 20 min (Fig. 1a). The sedi-
ments obtained aer centrifugation could be redispersed
through additional sonication for 5 min to increase the amount
of nanosheets.

Synthesis of NbSe2@PPy hybrid nanocomposites

The NbSe2@PPy hybrid nanocomposites were fabricated
according to the following procedure. First, the concentration of
the exfoliated NbSe2 dispersion was calculated through the
Beer–Lambert law. Then, different volumes of NbSe2 dispersion
were prepared to synthesize composites with different weight
ratios of NbSe2 to PPy. Hence, two types of NbSe2@PPy
composites could be synthesized (named NbSe2@PPy-1 and
NbSe2@PPy-2, respectively). The pyrrole monomer (1 g) was
dropped into the as-prepared NbSe2 dispersion and stirred for 1
hour at 500 rpm. This step was for promoting sufficient charge–
charge interaction between the negative charge of NbSe2
nanosheets and positive charge of the pyrrole monomer. Aer
this, in situ polymerization was initiated by adding FeCl3
aqueous solution and stirred under the same conditions (the
weight ratio of FeCl3 to pyrrole was 2.3 : 1). Finally, the
NbSe2@PPy hybrid nanocomposite solution was ltered
through a paper lter. Obtained powders were washed using
ethanol (twice a day for 2 days) and di-water (twice a day for
a day) to remove unwanted residues. Then, the prepared
powders were dried in an oven at 70 °C for 6 hours. The
carbonization is performed at 800 °C under an Ar atmosphere.

Materials characterization

Scanning electron microscopy (SEM) and an energy dispersive
spectrometer (EDS) were used to measure the morphologies of
nanomaterials. Atomic force microscopy (AFM) was performed
to conrm the thickness of the NbSe2 nanosheet. Raman
spectra were obtained by introducing a Raman spectrometer
(Horiba Jobin Yvon) which operated at a laser wavelength of
532 nm. The concentration of the NbSe2 suspension was
measured using an ultraviolet-visible (UV-vis) spectrometer. The
actual weight ratio of NbSe2 to PPy was calculated through
thermogravimetric analysis (TGA), heated from 25 °C to 900 °C
with a 10 °C min−1 heating rate under an air atmosphere. X-ray
photoelectron spectroscopy (XPS) was performed for analyzing
the chemical structure of the as-synthesized materials.

Electrochemical measurement

The synthesized NbSe2@PPy, PPy, and NbSe2 were used as
active materials for an LIB anode. The samples were prepared as
a paste with N-methyl-2-pyrrolidone (NMP) by mixing activated
carbon as a conduction agent and polyvinylidene uoride
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic illustrations of NbSe2@PPy hybrid nanocomposite preparation; lithium-ion intercalation process and in situ polymerization via
charge–charge interaction. Inset images show the SEM images of exfoliated NbSe2 nanosheets and NbSe2@PPy nanocomposites.
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(PVdF) as a binder in a weight ratio of 8 : 1:1, and cast on Cu foil
as a current collector. The mass loading of each electrode was
about 1.0 mg cm−2. The coin-type cells were assembled using Li
foil as a counter electrode and a polyethylene separator. The 1M
LiPF6 solution of ethylene carbonate (EC) and ethyl methyl
carbonate (EMC) (EC : EMC = 3 : 7 v/v) electrolyte was used for
the whole electrochemical test. Cyclic voltammetry (CV), galva-
nostatic charge–discharge (GCD), and cycle tests were con-
ducted in a voltage range of 0.01–3 V. Cell tests were performed
on a battery testing machine (Won-A Tech, WBCS3000Ls32).
Electrochemical impedance spectroscopy (EIS) was performed
using an open circuit in a frequency range of 1 MHz–0.01 Hz
and at an amplitude of 5 mV. The EIS measurements were
performed on a single-channel electrochemical workstation
(Won-A Tech, WEISS500).
Results and discussion

Fig. 1 describes a schematic illustration of the whole process
from NbSe2 exfoliation to PPy composite preparation. The
intercalation originated from the strong reducing agent butyl-
lithium, where the small sized Li ions intercalate between the
van der Waals interlayers with the reduction reaction of the
mother matrix layers. As a result, Li ions expand the interlayer
space and weaken the van der Waals forces. Furthermore, the
intercalated Li atoms explosively react with water by the
following chemical reaction (1).

2Li + 2H2O / H2 (gas) + 2LiOH (aq.) (1)
This journal is © The Royal Society of Chemistry 2023
The resultant H2 gas is the driving force of NbSe2 exfoliation.
During the intercalation reaction, the NbSe2 layers reduce to
have a partially negative charge, and exfoliated NbSe2 nano-
sheets are also charged negatively to stably disperse in polar
solvent (water). The reddish solution (shown in Fig. 1) is ob-
tained aer centrifugation, conrming that NbSe2 is success-
fully exfoliated by the Li intercalation process. Aer exfoliation,
we coated PPy on both sides of NbSe2 monolayer nanosheets,
with the charge–charge interaction between negatively charged
NbSe2 nanosheets27,28 and the positively charged pyrrole
monomer.3 Due to the tendency of the resultant suspension of
Li ion intercalation to restack, it is preferred to synthesize with
PPy immediately aer exfoliation. The high binding between
NbSe2 and PPy originated from coulombic forces and the
precipitates could be obtained aer pyrrole polymerization. The
conducting polymer facilitates the electronic transport to the
NbSe2 nanosheet which could lead to the promotion of the
electrochemical reactions.

The morphology of the NbSe2 nanosheets aer exfoliation is
depicted in Fig. 2. As shown in Fig. 2a, bulk NbSe2 powders are
composed of a layered structure held together by weak van der
Waals interactions, making it easy for foreign species to inter-
calate between the layers. In this work, we used butyllithium for
Li intercalation with the reduction of NbSe2 layers. The SEM
image of exfoliated NbSe2 monolayer nanosheets aer spin
coating on a Si wafer is presented in Fig. 2b. The large lateral
sizes of NbSe2 nanosheets range from 200 nm to 5 mm, with no
signicant size reduction. The UV-vis spectrum of exfoliated
J. Mater. Chem. A, 2023, 11, 19083–19090 | 19085
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Fig. 2 (a) SEM images of bulk type NbSe2 and (b) exfoliated NbSe2 nanosheets, (c) UV-vis spectroscopy spectra of an exfoliated NbSe2 nanosheet
dispersion, (d) AFM images of exfoliated NbSe2 nanosheets, (e) Raman spectroscopy spectra of bulk NbSe2 and exfoliated NbSe2 nanosheets, and
(f) schematic images of major vibration modes of NbSe2.

Fig. 3 SEM images of (a and b) NbSe2@PPy-1 and (c and d) NbSe2-
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NbSe2 solution is shown in Fig. 2c. Since NbSe2 is metallic,
a broad spectrum can be detected within the visible light range
(Fig. 2c).7,29–31 The AFM images in Fig. 2d show the thickness of
exfoliated NbSe2 nanosheets, and the apparent thickness of
NbSe2 nanosheets is ∼1 nm.32,33 This implies that the exfoliated
NbSe2 nanosheets mostly consist of monolayers. Raman anal-
ysis was performed to compare the chemical bonding nature of
bulk and exfoliated NbSe2 (shown in Fig. 2e). Bulk NbSe2
displays main characteristic peaks of ∼240 cm−1 and
∼230 cm−1, representing the in-plane vibration mode and out-
of-plane vibration mode, respectively, denoted as E1

2g and A1g.
The mechanism of in-plane and out-of-plane vibration modes is
displayed in Fig. 2f. Aer exfoliation, two major features are
observed. The peak of E1

2g vibration mode in exfoliated NbSe2
nanosheets red-shis compared to that in bulk NbSe2 powder
(from 236.57 cm−1 to 242.30 cm−1), while the A1g vibration
mode is blue-shied (from 232.74 cm−1 to 230.83 cm−1). This is
consistent with previous reports.14,34,35 Since these character-
ization peaks depend on the number of layers, the interlayer
interaction between the layers is weakened, and the intralayer
interaction within the layers becomes stronger for properly
exfoliated NbSe2 nanosheets. In summary, we successfully
fabricated NbSe2 nanosheets through the Li intercalation and
exfoliation process.

The morphology of the NbSe2@PPy composite is presented
in Fig. 3, displaying its 2D sheet structure, similar to that of
NbSe2 alone (as depicted in Fig. 2b), while PPy has a sphere-
shaped structure (see Fig. S1a and b†). It is well-known that
randomly distributed PPy in a solvent tends to form spherical
structures to reduce surface energy. When NbSe2 nanosheets
19086 | J. Mater. Chem. A, 2023, 11, 19083–19090
are introduced during the polymerization of pyrrole monomers,
PPy deposits on the NbSe2 nanosheets and follows their
morphology. The coulombic interaction between positively
charged pyrrole and negatively charged NbSe2 nanosheets leads
to strong binding between them. Therefore, the adsorbed
pyrrole monomers on NbSe2 nanosheets are polymerized when
an initiator is introduced. The EDS mapping images presented
in Fig. S1c and d† clearly show the homogeneous carbon
structure coated on NbSe2 nanosheets without any agglomera-
tion. Moreover, we have prepared another composition with
a lower amount of PPy, and there is no detectable difference in
morphology, as shown in Fig. 3. Hereaer, we refer to the
PPy-2.

This journal is © The Royal Society of Chemistry 2023
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samples with a high amount of PPy and a low amount of PPy as
NbSe2@PPy-1 and NbSe2@PPy-2, respectively.

The TGA analysis is performed to estimate the ratio of NbSe2
and PPy in NbSe2@PPy composites as shown in Fig. 4a. Pristine
NbSe2 stays without any noticeable change up to 900 °C, while
the NbSe2@PPy composites show a signicant mass drop near
400 °C, which originated from the dissociation of PPy.36

Therefore, the mass ratio of NbSe2 in NbSe2@PPy composites is
calculated at 28% for NbSe2@PPy-1 and 64% for NbSe2@PPy-2.
The Raman spectra of NbSe2@PPy composites are presented in
Fig. 4b to investigate the crystallinity of the carbon structure
(PPy). Two distinguishable peaks are detected: the D-band
(1344 cm−1), attributed to defects or disorder of the carbon
structure and the G-band (1570 cm−1), commonly attributed to
the graphite carbon structure.37,38 The crystallinity of carbon-
based materials can be compared by calculating the intensity
ratio of the D-band and G-band. The ID/IG ratios of all samples
in this study are comparable (ID/IG = ∼0.89), indicating that the
coated carbon structure does not signicantly change with the
introduction of NbSe2 nanosheets during the polymerization
process. Therefore, we can directly compare the effect of NbSe2
nanosheets on the following lithium storage properties.

The XPS spectra are shown in Fig. 4c–f to determine the
electronic states of the elements and composition of NbSe2@-
PPy composites. From the survey scan in Fig. 4c, the Nb 3d and
Se 3d peaks are easily detected on the NbSe2@PPy hybrid. The N
1s detailed spectrum in Fig. 4d has two different peaks. The
higher binding energy peak (400.6 eV) represents the quaternary
nitrogen where the nitrogen atoms replace the carbon structure,
and the lower binding energy peak (398 eV) is attributed to the
pyridinic nitrogen. The nitrogen conguration is a typical
feature of annealed PPy as reported elsewhere.39 A similar N 1s
spectrum is found for PPy and the NbSe2@PPy hybrid, indi-
cating that the presence of NbSe2 nanosheets does not alter the
PPy structure. The detailed spectra of Nb and Se for NbSe2@PPy
Fig. 4 (a) TGA curves of NbSe2, NbSe2@PPy-1, and NbSe2@PPy-2. (b) Ram
detailed scan, (e) Nb 3d detailed scan, and (f) Se 3d detailed scan of PPy

This journal is © The Royal Society of Chemistry 2023
are shown in Fig. 4e and f. The 3d2/3 (209 eV) and 3d2/5 (206.2 eV)
peaks for Nb 3d and 3d2/3 (56.2 eV) and 3d2/5 (55.4 eV) peaks for
Se 3d are detected, consistent with other reports.7,40 This indi-
cates that the chemical structure of NbSe2 nanosheets is
maintained during synthesis of NbSe2@PPy. Therefore, we can
conclude that the NbSe2@PPy hybrid nanocomposites are
successfully synthesized.

The prepared NbSe2@PPy materials were utilized as LIB
anode materials, and their electrochemical properties were
compared to those of NbSe2 and PPy alone. Fig. 5a displays the
CV graphs of the NbSe2@PPy sample obtained at a 0.5 mV s−1

scan rate for the rst four cycles, illustrating redox reactions
during the lithiation/delithiation process. The low potential
peaks observed below 1 V originate from the formation of
a solid–electrolyte interface (SEI) layer on the active materials
through the decomposition of the liquid electrolyte.4 In the
second cycle, distinct oxidation/reduction peaks were observed
at ∼1.4 V for the cathodic peak and ∼1.7 V for the anodic peak.
This phenomenon can be attributed to the lithiation/
delithiation of NbSe2 nanosheets, which follows the electro-
chemical reaction mechanism (2).

NbSe2 + 4Li+ + 4e− 4 2Li2Se + Nb (2)

The theoretical capacity of NbSe2 conversion based on the
above reaction is approximately 1538 mA h g−1. According to
other literature studies, the lithiation process in the NbSe2
system starts with the intercalation of Li+ between the NbSe2
layers before the above-mentioned conversion mechanism
occurs.41 To investigate this process, we performed cyclic vol-
tammetry (CV) measurements on the pristine NbSe2 electrode,
as shown in Fig. S2.† The results displayed the intercalation
peak at approximately 2 V. However, the NbSe2@PPy composite
electrodes (Fig. 5a) are composed of mono- or few-layers of
an spectra of PPy, NbSe2@PPy, and NbSe2. (c) XPS survey scan, (d) N 1s
and NbSe2@PPy.

J. Mater. Chem. A, 2023, 11, 19083–19090 | 19087
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Fig. 5 (a) CV graphs of NbSe2@PPy-1 for the first 4 cycles, (b) GCD
graphs of NbSe2@PPy-1 for the first 5 cycles, (c) cyclic retention of
NbSe2@PPy-1, NbSe2@PPy-2, NbSe2, and PPy. (d) Nyquist plots of
NbSe2 and NbSe2-PPy-1 before cycling, and (e) Nyquist plots of NbSe2
and NbSe2-PPy-1 after 100 cycles.
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NbSe2, and therefore, the Li+ intercalation process hardly
occurs. Aer one cycle, the CV graphs were almost identical to
those in the second cycle, indicating excellent stability and
reversibility of the NbSe2@PPy electrode system. In contrast, the
CV graph of the PPy electrode did not exhibit noticeable peaks,
which is typical of amorphous carbon structures. Only the peaks
of SEI formation (below 1 V) were detected in the rst cycle.

Fig. 5b presents the galvanostatic charge–discharge (GCD)
proles of the NbSe2@PPy-1 electrode system at a current
density of 0.1 A g−1 for the rst ve cycles. The NbSe2@PPy-1
electrode system displays a high capacity of approximately
1562 mA h g−1 with a coulombic efficiency of 50.5% during the
rst discharge. The major electrochemical reaction in
NbSe2@PPy-1 occurs from around 1.5 V due to the electro-
chemical conversion reaction of NbSe2 nanosheets in PPy. The
potential of NbSe2@PPy-1 decreases without a distinct plateau,
indicating that the solid solution reaction occurs on the active
materials during the lithiation/delithiation process. The low
coulombic efficiency during the rst cycle is due to the forma-
tion of the solid–electrolyte interface (SEI) layer, which is
consistent with the aforementioned cyclic voltammetry (CV)
results. From the second cycle, the discharge capacity remains
stable at approximately 955 mA h g−1 with a high coulombic
efficiency of 92%. In contrast, the NbSe2 electrode alone has
a rst discharge capacity of only 837 mA h g−1 at a current
density of 0.1 A g−1 (Fig. S3†), which is less than the theoretical
19088 | J. Mater. Chem. A, 2023, 11, 19083–19090
capacity of the reaction (1). The discharge capacity of the NbSe2
electrode gradually decreases to 175 mA h g−1 aer ve cycles at
a current density of 0.1 A g−1, which is attributed to the low
intrinsic electrical conductivity of NbSe2. NbSe2 with a stacked
structure has low electrochemical activity, which may be
present near the surface. In contrast, the well-coated NbSe2@-
PPy-1 structure exhibits great reversibility because the highly
conductive PPy readily transfers electrons from the current
collector to the active NbSe2, and the porous structure of PPy
could deliver Li+ ions to NbSe2.

Fig. 5c displays the cycling performances of NbSe2, PPy,
NbSe2@PPy-1, and NbSe2@PPy-2 at a current density of 0.5 A
g−1. The rst ve cycles are performed at a current density of 0.1
A g−1 for the stabilization of the electrodes. The discharge
capacity of the NbSe2@PPy-1 electrode in the 210th cycle rea-
ches approximately 670 mA h g−1, while the NbSe2 electrode is
signicantly degraded to 17 mA h g−1 in the 210th cycle. The
coulombic efficiency of every cycle is around 99% for the
NbSe2@PPy-1 electrode, indicating highly reversible electro-
chemical reactions. The PPy and NbSe2@PPy-2 electrodes have
discharge capacities of 416 mA h g−1 and 531 mA h g−1,
respectively, in the 100th cycle, with high cycling stability.
Notably, the NbSe2@PPy-2 electrode has a higher NbSe2 content
than the NbSe2@PPy-1 electrode. Since the PPy on the
NbSe2@PPy-2 electrode is not homogeneously covered on the
NbSe2 nanosheets, the NbSe2@PPy-2 electrode may have lower
electrochemical activity.

In order to investigate the electrochemical mechanism of the
NbSe2@PPy-1 electrode, we conducted EIS measurements. As
shown in Fig. 5d, the semicircle in the high frequency region
corresponds to the charge transfer resistance (Rct), while the
straight line in the low frequency region corresponds to the
Warburg impedance related to the mass transfer. The Rct value
of NbSe2@PPy-1 for the as-prepared cell is 126 U, which is
signicantly lower than that of the NbSe2 electrode (589U). This
improvement in Rct is attributed to the enhanced electron
mobility resulting from the well-coated PPy on the NbSe2@PPy-
1 electrode. Furthermore, aer 100 cycles of lithiation/
delithiation, the Rct value of NbSe2@PPy-1 is 287 U (Fig. 5e),
which is 128% higher than that in the rst cycle, while the Rct of
the NbSe2 electrode increases signicantly (1322 U). These
results indicate that our NbSe2@PPy-1 electrode exhibits
signicant improvements in capacity and stability
simultaneously.

The rate performances of the NbSe2, PPy, NbSe2@PPy-1, and
NbSe2@PPy-2 electrodes were evaluated by varying the current
density from 0.1 A g−1 to 4 A g−1, as shown in Fig. 6a. The PPy,
NbSe2@PPy-1, and NbSe2@PPy-2 electrodes exhibit reversible
lithiation/delithiation reactions even at high rates of 4 A g−1,
while the NbSe2 electrode degrades aer a few cycles. The
discharge capacity of the NbSe2@PPy-1 electrode is 361 mA h
g−1 at a current density of 4 A g−1, which is 58.9% lower than
that at 0.1 A g−1. The discharge capacities of the PPy and
NbSe2@PPy-2 electrodes are 178 mA h g−1 and 286 mA h g−1,
respectively, at a current density of 4 A g−1. Aer 5 cycles at 4 A
g−1, the current density was changed back to the initial state of
0.1 A g−1, and the discharge capacity of the NbSe2@PPy-1
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Rate performance of NbSe2@PPy-1, NbSe2@PPy-2, NbSe2,
and PPy, (b) GDC graphs of NbSe2@PPy-1 by increasing the current
density from 0.1 A g−1 to 4 A g−1.
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electrode returned to the initial value of 819 mA h g−1, indi-
cating excellent electrochemical stability at high current
densities. In contrast, the NbSe2 nanosheet electrode exhibits
signicant degradation at high current densities and poor rate
performance. The GCD proles of NbSe2@PPy-1, NbSe2, PPy,
and NbSe2@PPy-2 electrodes for different current densities
from 0.1 A g−1 to 4 A g−1 are displayed in Fig. 6b and S5a–c.†
Therefore, the NbSe2@PPy hybrid nanocomposites show high
performance anode properties in terms of high capacity, fast
kinetics, and excellent stability, which makes it possible to
apply them to next generation energy storage devices.
Conclusions

We investigated the potential of chemically exfoliated TMDC-
based nanocomposite materials as high-performance lithium-
ion battery electrodes. We utilized Li-intercalation to exfoliate
NbSe2 and obtained mono/few layer NbSe2 nanosheets. These
nanosheets possess a negative charge that easily interacts with
positively charged pyrrole molecules through charge–charge
interactions. Pyrrole polymerization subsequently occurs on the
exfoliated NbSe2 nanosheets, with a negligible effect on their
structure. The novel NbSe2@PPy hybrid nanocomposites
exhibit a synergetic effect of high electrical conductivity from
coated PPy and high capacity from NbSe2 nanosheets. While Li+

ions intercalate irreversibly into the van der Waals gap between
the NbSe2 interlayer on pristine NbSe2, the exfoliated NbSe2@-
PPy hybrid shows only a reversible conversion reaction. The
NbSe2@PPy nanocomposites exhibit an initial capacity of 1562
mA h g−1, and consistently sustain a stable performance,
maintaining 670 mA h g−1 over 210 cycles at a current density of
0.5 A g−1. Furthermore, the NbSe2@PPy nanocomposites
exhibit high-rate stability at 4 A g−1 current density with 361 mA
h g−1 capacity, which is comparable with that of commercial
graphite anodes. Our strategy of utilizing exfoliated
TMDC@PPy hybrid nanocomposites has great potential for
energy storage applications as high-capacity and stable anode
materials in LIBs, considerably.
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