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A facile new strategy for the synthesis of multi-channel-contained N-doped carbon nanofibers composed
of few-layered MoSe; nanosheets (denoted as MC-NCNF/MoSe;) was introduced and the composite was
demonstrated as an anode material for sodium-ion batteries. This was the first time that diethylenetri-
amine was introduced as a pore generator in the electrospinning process and played a key role in
generating multi-channels in the structure by phase-separation from the molybdenum salt and
subsequent volatilization without any additional process. Polyvinylpyrrolidone was used as a carbon
precursor and played the role of a N-doping source for the carbon matrix. MC-NCNF/MoSe, achieved a
high reversible discharge capacity of 336 mAh g~ at a current density of 0.5A g after the 300th cycle
and superior rate capability of 285mAh g at 10.0Ag~". The multi-channeled structure of MC-NCNF/
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Anodes
Multi-channel MoSe; facilitated effective Na* and electron diffusion during repeated discharge/charge processes and
Nanofibers accommodated the huge volume expansion of the MoSe, nanosheets induced by electrochemical

reaction of the Na* ion.
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reserved.

Introduction

Recently, sodium-ion batteries (SIBs) have been considered as
next-generation energy storage devices due to the abundance of Na
resources and the electrochemical similarity of Na to Li [1-5].
Despite significant advances in SIBs, many challenges must be
addressed for practical application. The major obstacle in the
design of anode materials for SIBs is the slow Na* diffusion rate and
large volume expansion induced by the large ionic radius and
molecular weight of Na*, which result in low capacity, short cycle
life-time, and poor rate performance. Therefore, many approaches
have been proposed toward engineering anode materials with
suitable geometries and compositions to solve the above-
mentioned problems [6-9]. Hollow and porous 1-dimensional
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(1-D) nanomaterials have received widespread attention because
they shorten the pathway for Na® diffusion into the structure,
lower the strain of the active material under volume variation, and
allow penetration of the liquid electrolyte into the electrode during
cycling [10-13]. Wu et al. introduced porous TiO,_x nanofibers rich
in oxygen vacancies and possessing high grain-boundary densities
by employing electrospinning and subsequent vacuum treatment
[10]. The oxygen vacancies in the composites improved the
electronic conductivity and promoted fast Na* diffusion. Therefore,
the TiO,., nanofibers showed excellent long cycling stability
(134mAh g! at 10 C after 4500 cycles) and superior rate
performance (93 mAh g~ ! after 4500 cycles at 20 C). Liu et al. also
synthesized Sn nanodots (1-2nm) encapsulated in porous N-
doped carbon nanofibers by electrospinning and thermal treat-
ment methods [11]. The small Sn nanodots could reduce the strain
and improve the rate of utilization of the active materials during
the sodiation/desodiation process. Therefore, capacities of 450 mA
hg~! at 10,000mA g~ ! and 483 mAh g~! at 2000mAg~! were
achieved over 1300 cycles. Li et al. also proposed porous carbon
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nanofibers prepared by pyrolysis of PAN-F127/DMF nanofibers via
an electrospinning process [12]. The triblock copolymer Pluronic
F127 was used as a pore generator during heat-treatment. The
nanofibers delivered a reversible capacity of 266 mA h g~ after 100
cycles at 0.2C. A reversible capacity of 140mAhg ! was still
delivered after 1000 cycles at a current density of 500mAg~".

Layered transition metal chalcogenides have recently attracted
great attention for SIB anodes due to their superior energy storage
properties compared to those of other oxides [ 14-17]. In particular,
MoSe,, consisting of covalently bonded Se-Mo-Se sandwiched
layers with weak van der Waals interactions, possesses a relatively
large interlayer spacing of 0.65nm compared to graphite
(0.335 nm) and MoS, (0.615 nm), and higher electrical conductivity
compared to MoS,. Therefore, such unique features of MoSe;
anodes facilitate faster and reversible sodiation/desodiation of Na*
ion between the layers [18-21].

Hence, we introduce a facile new strategy for the synthesis of
multi-channel-contained N-doped carbon nanofibers composed of

few-layered MoSe, nanosheets as promising anode materials for
SIBs for the first time. Diethylenetriamine (DETA) is introduced as a
pore generator for the first time in this study. DETA plays a key role
in generating the mesoporous multi-channels in the structure by
phase-separation from the molybdenum salt during the electro-
spinning process and subsequent volatilization during stabiliza-
tion at low temperature. Additionally, polyvinylpyrrolidone (PVP)
is used as a carbon precursor and plays the role of a N-doping
source for the carbon matrix. The mechanism of formation of the
multi-channel-contained N-doped carbon nanofibers composed of
few-layered MoSe; nanosheets and the Na* ion storage properties
of this material as an anode are investigated in detail.

Experimental

The multi-channel-contained N-doped carbon nanofibers
composed of few-layered MoSe, nanosheets (denoted as MC-
NCNF/MoSe,) were

synthesized via electrospinning and

Fig. 1. Morphologies, SAED pattern, and elemental mapping images of the as-spun nanofiber after stabilization at 150°C in air: (a) FE-SEM image, (b) TEM image, (c) and (d)

HR-TEM images, (e) elemental mapping images, and (f) SAED pattern.
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Fig. 2. Morphologies, SAED pattern, and elemental mapping images of MC-NCNF/MoSe,: (a) and (b) FE-SEM images, (c) TEM image, (d) and (e) HR-TEM images, (f) HR lattice
image, (g) SAED pattern, and (h) elemental mapping images.
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subsequent simple heat-treatment. The solution for electrospin-
ning was prepared by dissolving 1.3g ammonium molybdate
((NH4)sMo0,0,4 4H,0, DAEJUNG, 98%), 1.0 g polyvinylpyrrolidone
(PVP, (CgHgNO),,, Alfa Aesar, MW: 1300,000), and 1 mL diethylene-
triamine (DETA, C4H3N3, JUNSEIL 98%) in 10 mL of distilled water.
The solution for electrospinning was transferred into a plastic
syringe equipped with a 25-gauge stainless steel nozzle and
ejected at a flow rate of 0.5mLh~! onto a drum collector covered
with aluminum foil. The distance between the nozzle tip and drum
collector was maintained at 12cm and the rotation rate of the
drum collector was 180rpm. The applied voltage between the
nozzle tip and drum collector was 20 kV. The as-spun nanofibers
were stabilized at 150 °C for 1 day under ambient conditions. Heat-
treatment was carried out at 400°C for 10h under a 5% Hy/Ar
atmosphere with selenium metal powder (Se, SAMCHUN, 99.5%).
During heat-treatment, H,Se gas was formed by the reaction of H,
with Se metal powder. The detailed information of the characteri-
zation techniques and electrochemical measurements of the
samples are described in the supporting information and our
previous article [22].

Results and discussion

The multi-channel-contained N-doped carbon nanofibers
composed of few-layered MoSe, nanosheets (denoted as MC-
NCNF/MoSe,) were synthesized by electrospinning and subse-
quent heat-treatment. For this purpose, precursor Mo salt/PVP/
DETA composite nanofibers were firstly prepared by electro-
spinning the aqueous solution with ammonium molybdate, PVP as
the carbon precursor, and DETA as a pore generator. The as-spun
nanofibers, stabilized at 150 °C under air atmosphere, are shown in
Fig. 1. As is clear from Fig. 1a, uniform smooth-surfaced nanofibers
with an average diameter of 380 nm were observed. The TEM and
HR-TEM images (Fig. 1b—d) show obvious longitudinal multi-
channels with a width of 10-20 nm along the fiber length direction.
The DETA added to the aqueous solution was phase-separated from
the Mo-salt because of low compatibility, as confirmed by the
digital image in Fig. S1a (in Supplementary material), in which the
mixed suspension did not become clear overnight. However,
phase-separation between PVP and DETA did not occur in the
system presented in Fig. S1b (in Supplementary material).
Therefore, DETA was phase-separated from the Mo salt/PVP
solution during electrospinning and evaporated from the as-spun
nanofibers during stabilization at 150 °C overnight due to its high
volatility, thus generating mesoporous longitudinal multi-chan-
nels in the nanofiber structure. The elemental mapping images in
Fig. 1e show that Mo, O, N, and C were homogeneously distributed
in the nanofiber structure. Although the SAED pattern (Fig. 1f)
showed an amorphous-like ring-pattern, a poorly crystalline (NHy)
Mo30,0H,0 phase was confirmed from the XRD data in Fig. S2.
Therefore, the nanofibers after stabilization are assumed to be
composed of (NH4)Mo30,9H,0 and PVP.

In order to perform both selenization and carbonization of the
as-spun nanofibers, the nanofibers were post heat-treated at 400
°C under Hy/Ar atmosphere with Se powder in a covered alumina
boat. Complete conversion of the Mo-salt in the nanofibers into the
hexagonal MoSe; phase with low crystallinity was confirmed from
the XRD data in Fig. S3. Therefore, the nanofibers obtained after
heat-treatment were composed of MoSe, and carbon from the
decomposed PVP. The detailed morphologies of the composite
nanofibers after heat-treatment are shown in Fig. 2. The overall
nanofiber morphology was well preserved even after heat-
treatment, as shown in Fig. 2a—c. Moreover, the longitudinal
multi-channels in the structure along the fiber length direction
(indicated by the arrows) were also well preserved even after heat-
treatment (Fig. 2d). However, single or two layered-MoSe,

nanosheets with a mean width of 5nm were newly formed in
the carbon matrix, as shown in the HR-TEM image in Fig. 2e. The
few-layered MoSe, nanosheets were uniformly distributed in the
carbon matrix, as indicated by the arrows in Fig. 2e. Crystal growth
and stacking of the MoSe, nanosheets were efficiently prevented
by the surrounding carbon material [18,23,24]. Therefore, the few-
layered MoSe, nanosheets formed in the carbon matrix are
expected to improve the ionic/electronic conductivity by increas-
ing the contact area between the electrolyte and MoSe, nanosheets
during cycling [19,23,24]. The HR-TEM image in Fig. 2f shows clear
lattice fringes separated by 0.69 nm, corresponding to the (002)
plane of MoSe,, which is slightly wider than that of natural MoSe,
(0.65 nm) due to deintercalation of the intercalated NH,* between
the MoSe, lattices during selenization [25,26]. The expanded
lattice spacing between the MoSe, layers is expected to enhance
the kinetics of Na* intercalation-deintercalation during cycling,
thus improving the rate capability and reversible capacity for Na*
storage. The selected area electron diffraction (SAED) pattern in
Fig. 2g shows the ill-defined ring pattern, which reveals that
stacking of the MoSe, nanosheets was effectively prevented in the
carbon matrix, which is consistent with the XRD data (Fig. S3 in
Supplementary material). The elemental mapping images in
Fig. 2h confirm the uniform distribution of the few-layered MoSe,
nanosheets in the carbon matrix. Furthermore, well-distributed N
was also detected, which suggests that N-doping into the carbon
matrix occurred during heat-treatment. The N-doped carbon is
expected to furnish improved electrical conductivity and electro-
chemical reactivity of the multi-channel-contained MoSe, com-
posite nanofibers. Additionally, the defects formed in the N-doped
carbon matrix could provide additional Na* insertion sites, which
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Scheme 1. Detailed formation mechanism of the multi-channel contained N-doped
carbon nanofibers composed of few-layered MoSe, nanosheets.
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Fig. 3. XPS spectra, Raman spectrum, and the TG curve of MC-NCNF/MoSe;: (a) Mo 3d XPS spectrum, (b) Se 3d XPS spectrum, (¢) C 1s XPS spectrum, (d) N 1s XPS spectrum, (e)

Raman spectrum, and (f) TG curve.

should enhance the Na* storage ability [27,28]. From the above
results, the formation mechanism of MC-NCNF/MoSe, is briefly
illustrated in Scheme 1.

To probe the bonding environment of the elements, XPS
evaluation of MC-NCNF/MoSe, was carried out, as shown in
Fig. 3a—d. All high-resolution XPS profiles were deconvoluted after
subtracting the Shirley background. In the Mo 3d and Se 3 s region
(Fig. 3a), two strong peaks with binding energies of 231.7 and
228.6 eV were observed, which correspond to the Mo 3d3,, and Mo
3ds); states of Mo in the MoSe, nanosheets, respectively [20,29].
Mo-Se bonding was also observed based on the Se 3d spectrum
(Fig. 3b), where the peaks at 55.0 and 54.2 eV correspond to the Se
3d3;; and Se 3ds, states of Se in the MoSe, nanosheets,
respectively [20,29]. The minor peaks related to Mo-O bonding
at235.5 and 232.3 eV are attributed to the partial surface oxidation
of the sample under air [18,29,30]. ASe 3 s peak at 230.0 eV (Fig. 3a)
and Se 3d peaks at 56.0 and 55.3 eV (Fig. 3b) were also detected in
the structure, which are attributed to intercalation of the metalloid
Se into the N-doped carbon matrix to some degree during
selenization [31,32]. However, the amount of intercalated Se was
assumed to be low because no corresponding peak was observed in
the XRD spectrum (Fig. S3). The C 1s spectrum (Fig. 3¢) showed
several peaks related to C=C, C—N/C—C, and 0—C=0 bonds at
284.4, 286.0, and 288.9eV, respectively [33-35]. N-doping into
carbon was confirmed from the N 1s spectrum (Fig. 3d). The N 1s
spectrum showed graphitic-N, pyrrolic-N, and pyridinic-N at

binding energies of 402.5, 400.2, and 398.1 eV, respectively, along
with a Mo 3p signal at 394.5 eV [36-40]. The graphitic- and
pyridinic-N were bonded to two sp? C atoms at the edge of the
carbon plane and to three C atoms within the graphene plane,
respectively [41]. The pyrrolic N was assigned to N atoms in a five-
membered heterocyclic ring. The Raman spectrum of MC-NCNF/
MoSe, (Fig. 3e) showed D (1361 cm™!) and G (1584 cm™!) bands,
indicating the structural disorder of carbon [42,43]. The relative
intensity ratio of the D to G band (Ip/Ig) of MC-NCNF/MoSe, was 1.1,
which proved the existence of structural defects, including
bonding disorders generated by amorphous carbon. The TGA
curve of MC-NCNF/MoSe, under air atmosphere is shown in Fig. 3f.
The TG curve includes a one-step weight increase and subsequent
one-step weight loss. The weight increase below 270°C is
attributed to decomposition of the MoSe, nanosheets into MoO;
and SeO, [18,21]. Thereafter, both vaporization of SeO, and
combustion of N-doped carbon resulted in the final residue of
MoOs, which induced a weight loss up to 450°C The C and N
contents in MC-NCNF/MoSe, were approximately 16 and 3 wt%,
respectively, from the elemental analysis in Table S1 (in
Supplementary material). Fig. S4 (in Supplementary material)
shows the N, adsorption and desorption isotherms and Barrett-
Joyner-Halenda pore distribution curves of MC-NCNF/MoSe,. The
isotherms of MC-NCNF/MoSe, shown in Fig. S4a were type IV with
H4 hysteresis loops, indicating the presence of mesoporous multi-
channels in the structure. The wide distribution of mesopores
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Fig. 4. Electrochemical properties of MC-NCNF/MoSe,: (a) CV curves, (b) discharge-charge curves at a current density of 0.5A g™, (c) cycling performance at 0.5Ag™! and

Coulombic efficiencies, and (d) rate performance.

between 3 and 50 nm is attributed to the multi-channels and the
very sharp peak at 3.8 nm is due to the tensile strength effect based
on the pore distribution curve in Fig. S4b [44].

To validate the potential as SIB anode materials, the electro-
chemical performance of MC-NCNF/MoSe, was evaluated, as shown
inFig.4. Cyclic voltammetry (CV) of MC-NCNF/MoSe, was performed
for the first three cycles at 0.1 mVs~' over the potential range of
0.001-3.0V (Fig. 4a). In the first cathodic scan, five peaks were
detected, where the two peaks located at 1.53 and 1.33 V are ascribed
to the electrochemical reaction of Na* with the residual metalloid Se
intercalated in the N-doped carbon matrix during selenization and
formation of NayMoSe, by intercalation of Na* into MoSe,,
respectively [18,19,45]. In addition, the peaks at 0.98 and 0.57V
are attributed to formation of the solid electrolyte interface (SEI)
layer and conversion of NayMoSe, into NaSe, with Mo [ 18,19,46]. The
final cathodic peak at 0.01 V is attributed to Na* intercalation into N-
doped carbon [27,35,47,48]. The new peaks at 1.84 and 1.38V that
appeared after the second cycle are attributed to Na* insertion into
MoSe; [18,19]. In the anodic scan, the first peak at 0.09 V is attributed
to the deintercalation of Na* from the N-doped carbon matrix
[28,36,47,48]. Additionally, the sharp peak at 1.73V and accompa-
nying shoulder peak at2.12 V are assigned to the conversion of NaSe,
with Mo into MoSe, with Na* [18,19]. From the third scan, the CV
curves overlapped well, indicating the good stability and reversibili-
ty of MC-NCNF/MoSe, during the repeated sodiation/desodiation
process. The two initial discharge-charge profiles of MC-NCNF/
MoSe, at the current density of 0.5A g~ ! are shown in Fig. 4b. The
profiles were consistent with the CV curves. The initial discharge
capacity and Coulombic efficiency of MC-NCNF/MoSe, were 553 mA
hg~!and 77.3%, respectively. The initial irreversible capacity loss was
accompanied by SEI layer formation derived from electrolyte
decomposition and the carbonaceous material [49-52].

The cycling performance of MC-NCNF/MoSe, at a current
density of 0.5A g~ is shown in Fig. 4c. MC-NCNF/MoSe; exhibited
a discharge capacity of 386mAh g ! and 98.7% Coulombic
efficiency after 300 cycles and stable cycle ability during cycling.
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Fig. 5. Nyquist impedance plots of MC-NCNF/MoSe,: (a) before cycling and (b) after
cycling.

The numerous mesoporous multi-channels in the structure and N-
doped carbon matrix facilitated accommodation of the huge
volume expansion of the MoSe, nanosheets during repeated
cycling. The rate performance of MC-NCNF/MoSe, is shown in
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Fig. 6. Morphologies of MC-NCNF/MoSe, after 100 cycles at 0.5A g ': (a) low- and
(b) high-magnification FE-SEM images.

Fig. 4d, where the current density increased stepwise from 0.2 to
10.0Ag !, and then decreased to 0.2 Ag~ . The electrode delivered
final discharge capacities of 470, 431, 397, 345, 322, 307, and
285mAh g ! at current densities of 0.2, 0.5, 1.0, 3.0, 5.0, 7.0, and
10.0Ag~!, respectively. Furthermore, the discharge capacity
recovered well to 478 mAhg~! when the current density was
decreased to 0.2Ag !, indicating superior reversibility of MC-
NCNF/MoSe,. The high electrical conductivity induced by the few-
layered MoSe, nanosheets and N-doped carbon, the facile
penetration of the liquid electrolyte into the electrode through
the mesoporous multi-channels and shortening of the path for Na*
diffusion between the electrode and electrolyte resulted in
superior rate performance of MC-NCNF/MoSe,. The electrochemi-
cal performance of MC-NCNF/MoSe, was compared with those of
other reported MoSe, nanostructures with various morphologies,
as summarized in Table S2 (in Supplementary material). MC-NCNF/
MoSe, prepared in this study showed superior electrochemical
properties for Na* storage even at high current density.

To gain insight into the electrochemical performance of MC-
NCNF/MoSe,, electrochemical impedance spectroscopy (EIS) data
were acquired (Fig. 5). EIS measurements were carried out on the
electrodes before and after 1, 50, 100, and 200 cycles over the

frequency range of 0.01Hz to 100kHz. The semicircles in the
medium-frequency range of the Nyquist plots could be used to
deduce the charge-transfer resistance (R.) of the electrode [53-
56]. The R, value of MC-NCNF/MoSe; before cycling was 321 ().
After the first cycle, the R, declined to approximately 90 ) and was
similar at 61() after 50, 100, and 200 cycles. This result
demonstrates the excellent stability of MC-NCNF/MoSe, for
repeated Na* insertion and deinsertion over 200 cycles. To
evaluate the structural stability, the morphology of MC-NCNF/
MoSe, after 100 cycles was inspected, as shown in Fig. 6.
Impressively, the MC-NCNF/MoSe, exhibited a robust structure
that did not undergo pulverization, which ensured good tolerance
of MC-NCNF/MoSe, against the huge volume expansion during
repeated Na* insertion and deinsertion. The promising electro-
chemical behavior and robust nature of MC-NCNF/MoSe, are
attributed to the excellent capacity to accommodate volume
expansion due to the available mesoporous multi-channels in the
structure, short Na* diffusion path between the electrode and
electrolyte, and excellent electron transport via N-doped carbon.

Conclusions

We introduced a facile new strategy for the synthesis of multi-
channel-contained N-doped carbon nanofibers composed of few-
layered MoSe, by electrospinning and subsequent simple heat-
treatment methods. A mechanism for the formation of MC-NCNF/
MoSe, was proposed and the potential of this composite as an anode
forNa* storage was demonstrated. Mesoporous multi-channels were
formed along the fiber length direction by phase-separation
between DETA and the molybdenum salt/PVP solution. During
heat-treatment, the N in PVP acted as a N-doping source for the
carbon matrix. With the beneficial features of the few-layer MoSe,
nanosheets, mesoporous multi-channels, and the presence of N-
doped carbon in the structure, MC-NCNF/MoSe; delivered a superior
discharge capacity of 386 mAh g~! even at a high current density of
0.5Ag~! after 300 cycles when used as a SIB anode material. The
simple strategy for synthesis of the multi-channel-contained
transition metal chalcogenide composite nanofiber with N-doped
carbon introduced in this study is expected to offer practical
feasibility for developing promising anodes for SIBs, and the
developed materials may find uses in a wide range of applications.
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