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Electronic modulation and structure engineered MoSe, with multichannel
paths as an advanced anode for sodium-ion half/full batteries

Chengkui Lv"*, Chunfa Lin?', Huilong Dong?’, Huaixin Wei'", Jun Yang®* and Hongbo Geng*"

ABSTRACT Owing to the abundance and low price of so-
dium, researches on sodium-ion batteries (SIBs) as a lithium-
ion battery (LIB) alternative are emerging as a consensus. It is
crucial to develop electrode materials suitable for sodium
storage. In recent years, two-dimensional (2D) layered tran-
sition metal disulfide compounds (TMDs) have trigered in-
terest in the realm of energy and environmental fields. In
particular, MoSe, is thought to be a suitable material for SIBs
due to its wide original layer spacing and high conductivity.
Herein, N-doped dual carbon-coated MoSe, with multichannel
paths (MoSe,/multichannel carbon nanofibers (MCFs)@NC)
is fabricated via electrospinning, followed by a selenation and
carbonization process. The existence of a 3D conductive net-
work, abundant void spaces, and sufficient electron trans-
portation pathways are conducive to rapid and fast charge
transfer kinetics under volume expansion stress. When ap-
plied in SIBs, the MoSe,/MCFs@NC shows a high capability
(319mAhg™ at 10A g™"), as well as good cycling stability
(303 mA h g! after 1100 cycles at 10 A g™'). Furthermore,
coupled with the Na;V,(PO,),0,F cathode, the full cell also
exhibits excellent performance. The theoretical calculation of
the MoSe,/MCFs@NC confirms that the superiority of its SIB
performance is owing to the strong interaction between the
double-doped carbon and MoSe,. This scheme provides a wide
space for preparing high-performance electrode materials for
SIBs.

Keywords: dual carbon-coated, multichannel paths, sodium-ion
batteries, full batteries, theoretical calculation

INTRODUCTION

Due to the increasing energy crisis, clean energy has attracted
extensive attention [1,2]. In recent years, lithium-ion batteries
(LIBs) have been commonly used in mobile electronic devices
and electric vehicles as efficient energy storage devices [3-5].
However, Due to the lack of lithium resources, LIBs will not
meet the market demand in the long term [6-8]. Due to the low
cost and abundant storage of sodium, sodium-ion batteries
(SIBs), which have a similar energy storage mechanism with
LIBs, have been regarded as a promising candidate [9-11]. Even
though lithium and sodium belong to the same group and have
similar physicochemical characteristics, the large sodium ion

radius shows slow diffusion dynamics during the Na*
(de)sodiation in the electrode materials, resulting in sluggish
kinetics and large structural changes of the active materials
during the cycling [12-14]. Because conventional graphite
structures cannot be directly applied to SIBs, designing and
developing suitable anodes for practical application in SIBs are
desired.

Transition metal disulfides (TMDs) have gained great atten-
tion in the field of power supply and conversion devices [15-19].
TMDs are more stable with a unique defect structure due to the
existence of lone pair d electrons and empty d orbitals that are
easy to bond, as well as the high charge/radius ratio of atoms or
ions. Among them, MoSe, possesses several appealing features,
including a large interlayer distance (~0.64 nm), a high theore-
tical capacity (422 mA hg™), and a small bandgap (~1.5¢€V)
[20-22]. The van der Waals (vdW) forces between Mo-Se bonds
are comparable to those between Mo-O or Mo-S bonds,
favoring kinetic conversion reactions for SIBs [23]. However, the
poor cycling stability of MoSe, derived from the structural col-
lapse during the repeated extraction and insertion of sodium
ions is a mountain ahead of its application in SIBs. Improving
the sodium storage performance of MoSe, by rational design is
an effective way to enhance the performance of SIBs. The
hybridization of MoSe; and carbon-based materials can improve
the overall performance of SIBs. Liu et al. [24] designed an
encapsulation-type structured MoSe,@hollow carbon nano-
sphere material, which showed a high capacity of 471 mA h g™
over 1000 cycles at 3 A g'. Wu et al. [25] produced MoSe,@
NPC/rGO composites with a few layers of MoSe, encased by N/
P co-doped carbon and reduced grapheme oxide (rGO), which
had a high specific capacity of 100 mA h g™! even at 50 A g™'.
Ultrathin two-dimensional (2D) MoSe, nanosheets can grow on
3D ordered macroporous carbon by a simple hydrothermal
reaction, displaying an outstanding rate capability
(279 mAh g'at 10 A g!) [26]. Although a composite of MoSe;,
and conductive carbon material can improve the conductivity, it
cannot buffer more than 300% of its volume change during the
cycle [27-29]. Therefore, it often shows a low-rate performance
when used as the anode of SIBs. It is particularly important to
build continuous and connected multichannel with plentiful
voids to adapt to its stress relief through simple design methods.
In parallel, the electronic transportation capacity of MoSe;, is
improved to further enhance the comprehensive performance of
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SIBs. The multistage distribution also could inhibit the aggre-
gation of active substances and make the electrode material in
full contact with the electrolyte.

Herein, a designable structure of N-doped dual carbon-mod-
ified MoSe, is reported. Multichannel carbon nanofibers (MCFs)
were prepared via electrospinning followed by subsequent cou-
pling with MoSe, and carbonization (MoSe,/MCFs@NC). As
nanofillers, the MCFs and carbon coating can inhibit the MoSe,
re-stacking, enabling the formation of homogeneous MoSe,
nanosheets with an extended (002) crystal plane layer spacing
structure (0.68 nm). In addition, the MoSe,/MCFs@NC has
many structural features that are favorable for sodium-ion
(de)embedding: (1) MoSe; loading on MCFs and carbon coating
improve the charge transfer kinetics and reduce the charge
transfer resistance; (2) increased MoSe; layer spacing promotes
the diffusion of sodium ions; (3) the N-doped carbon nanosheets
strengthen the contact of active substances during the cycling
process and buffer the volume expansion of MoSe,. The MoSe,/
MCFs@NC anode for SIBs has an outstanding rate performance
of 319 mAhg™ at 10A g™ and good cycling performance
(303mA h g™' at 10 A g™' after 1100 cycles). An energy density
of 104 W h kg™ can also be achieved in the full batteries at a
power density of 226 W kg™, showing the practical application
of MoSe,/MCFs@NC in SIBs. The good SIB performance of the
MoSe,/MCFs@NC electrode is verified by theoretical simulation
and reaction kinetics analysis.

EXPERIMENTAL SECTION

Synthesis of MCFs

Polyacrylonitrile (PAN, 0.4 g) and polystyrene (PS, 0.4 g) were
dissolved in 5 mL of N,N-dimethylformamide at 60°C for 12 h
with magnetic stirring in an oil bath to obtain a homogeneous
pale yellow precursor solution. Then, the above solution was
transferred to a 5-mL syringe for electrospinning. The working
voltage and flow rate of electrospinning were adjusted to 12 kV
and 0.8 mL h™!, respectively. Next, the prepared spinning sam-
ples were separated from the aluminum foil, and stabilized in an
air atmosphere at 260°C for 2 h, followed by the carbonization of
the pre-oxidized carbon fibers at 900°C in a nitrogen atmo-
sphere for 2 h to obtain MCFs.

Synthesis of MoSe,/MCFs

The selenium powder (1 mmol) was dissolved in 5mL of
N,H,+H,O (85%) solution for 1h with stirring. Meanwhile,
Na,Mo00O,2H,0O (0.5 mmol) was dissolved in deionized water
(20 mL). The previously prepared MCFs (40 mg) were put into
the Na,MoOj solution, and then ultrasonically treated for 1 h to
achieve a homogenous mixture. The reduced selenium solution
was then added to the aforesaid combination, sealed, and heated
to 200°C for 12 h with the hydrothermal method. The product
was cleaned thrice with deionized water/ethanol and dried at
60°C in a vacuum. Finally, the product was heated to 500°C for
2 h under H, (5 vol%)/Ar (95 vol%) (denoted as MoSe,/MCFs).
In comparison, pure MoSe, was prepared with the similar
method but without the addition of MCFs.

Synthesis of MoSe,/MCFs@NC

In 100 mL of tris-buffer solution, 40 mg of MoSe,/MCFs were
dispersed (10 mmol L™!). Then, for the next 6h, 40 mg of
dopamine hydrochloride was added with magnetic stirring. The
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product was centrifuged and washed with deionized water and
ethanol thrice. Then the as-prepared MoSe,/MCFs@polydopa-
mine (PDA) was treaded by heating at 500°C for 3 h in N, after
being dried at 60°C in a vacuum to get MoSe,/MCFs@NC.

Characterization

The as-prepared MoSe,/MCFs@NC was characterized by scan-
ning electron microscopy (SEM, Hitachi SU-9010), X-ray dif-
fractometer (XRD, D/MAX-2000), transition electron
microscope (TEM, Tecani G-20), and X-ray photoelectron
spectrometer (XPS, Thermo Scientific, ESCALAB 250Xi).

Electrochemical measurements

To test the electrochemical characteristics, the composite MoSe,/
MCFs@NC was constructed into a half-cell. The electrodes were
made up of active materials, carbon nanotubes (CNT), and
polyvinylidene fluoride (7:2:1 weight ratio) in N-methyl pyrro-
lidone. The slurry was applied evenly on the copper foil with an
active material mass loading of 1-1.5 mg cm™ and then was
vacuum dried (60°C, 12 h). The electrolyte and separator were
1.0 mol L™ NaPFq in 1,2-dimethoxyethane and a glass fiber film,
respectively. Extensive electrochemical testing experiments were
conducted on the battery test system and workstation, such as
galvanostatic charge/discharge (GCD), electrochemical impe-
dance spectrum (EIS, 107 to 107> Hz), and cyclic voltammetry
(CV) curves (0.01-3.00 V). The mass ratio of the anode and
cathode was 1:6. Before assembling a full cell, the MoSe,/
MCFs@NC anode was presodiated in a half-cell for five cycles at
0.1 Ag™ (0.01-3V). The electrolyte and separator were the
same as those of half cells. The calculation of energy density for
the full cells was based on the total mass of the anode and
cathode electrodes, as well as the median voltage of the batteries.

Computational methods

Density functional theory (DFT) calculations were performed to
obtain the adsorption and diffusion performance of sodium
ions. Within the framework of generalized gradient approx-
imation, the study of electronic exchange and correlation effects
was based on the Perdew-Burke-Ernzerhof functional (GGA-
PBE) and the double numerical atomic orbital with polarized p-
function (DNP) [30]. Grimme’s dispersion correction (DFT-D2)
[31] was included to account for the vdW interactions. During
geometry optimization, the threshold values were established at
1 x 10> Ha for convergence of energies, 1 x 107> Ha A~ for
gradient, and 5 x 107> A for displacement. The 13 x 13 x 1 and
17 x 17 x 1 k-point meshes of 2H-MoSe, and carbon unit cells,
respectively, were used for lattice optimization. The carbon
nanofibers/MoSe, heterostructure (MoSe,/MCFs) was modeled
with the carbon 4 x 4 and MoSe, 3 x 3 supercell. And one of the
carbon atoms was replaced by a nitrogen atom to obtain the
nitrogen-doped =~ MoSe,/MCFs  heterostructure (MoSe,/
MCFs@NC). It should be pointed out that the position of the
doped N in carbon has a negligible influence on the total energy
of MoSe,/ MCFs@NC according to our results. The bilayer
MoSe; (BL-MoSe;,) with 3 x 3 supercells was used. The 4 x 4 x 1
k-point mesh was used during the calculations of the BL-MoSe,
3 x 3 supercell and the heterostructures. The adsorption energy
(Eaas) for a single Na atom was defined as:

Eugs = Ex + Ena — Exars

where E: is the adsorbent’s energy and Ey, is the energy per
atom in bulk Na. The total energy of the optimized adsorption
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system is En,+. The diffusion barriers (Es) of the inserted Na in
different inter surfaces were determined via transition state
searches employing the full linear synchronous transit/quadratic
synchronous transit (LST/QST) technique [32].

RESULTS AND DISCUSSION

Materials manufacturing

The overall fabrication sequence of MoSe,/MCFs@NC compo-
sites is presented in Fig. la. Firstly, MCFs are prepared using
PAN via thermal annealing treatment. During the process, PS
acts as the pore-forming agent, and produces parallel channels
within the carbonized PAN shells. Subsequently, MCFs and
sheet-like MoSe, are compounded together by a hydrothermal
reaction. The polydopamine is applied to obtain MoSe,/
MCFs@NC. The unique N-doped multichannel structure and
external conductive carbon shell not only facilitate the internal
channels for ion transport, but also accelerate electron transfer,
favoring the electrochemical performance. The XRD character-
izations of MoSe,, MoSe,/MCFs, and MoSe,/MCFs@NC were
conducted (Fig. 1b, and Figs Sla, S2a). Except for the broad peak
around 21° attributed to amorphous carbon, other four dif-
fraction peaks match well with the hexagonal phase of MoSe,
(JCPDS No. 29-0914) accompanied by the space group of P63/
mmc, confirming the absence of impure phases in the samples.
With the introduction of conductive carbon, the peak intensity
of carbon increases. It is worth noting that the (002) plane is

a MCFs

slightly shifted to a lower angle due to the weak vdW interaction
between layers of Se-Mo-Se, which is regulated by the annealing
slope rate and structure, leading to expansion [33,34]. The
Raman spectra of the samples (Fig. 1c) reveal that except for
pure MoSe,, the D band (1336 cm™) and G band (1595 cm™)
correspond to the disordered carbon and graphitic carbon,
respectively [35]. The intensity ratio of Ip/Ic of MoSe,/
MCFs@NC (1.12) is higher than that of MCFs (1.04), suggesting
that the presence of more defects induced by doping with N [36],
which is favorable for improving the electrical conductivity. XPS
was detected to understand more details about the chemical
components and valence states of MoSe,/MCFs@NC. The survey
spectrum (Fig. S3) reveals C, N, Mo, and Se elements in MoSe,/
MCFs@NC, where trace amount of oxygen is from the exposure
to air. Fig. 1d displays the high-resolution C 1s spectrum. The
peaks at 284.7, 285.8, and 288.6 eV are associated with C=C, C-
C/C-N, and O-C=0, respectively [20]. An enhancement of the
electronic coupling at the interface between MoSe, and MCFs is
evidenced by the formation of the C-Mo bond (282.9 eV),
accelerating electron transfer for the sodium storage [37]. Mo
3ds/, (228.7 €V) and Mo 3ds/, (231.8 €V) are in the Mo 3d XPS
spectrum (Fig. 1e) [38]. In addition, a weak peak at 230.1 eV is
indexed to Se 3s [39]. The Se 3d spectrum in Fig. 1f can be
divided into Se 3ds, (54.3 €V) and Se 3ds/, (55.2 €V). The wide
peak of the intermediate belongs to the oxidation state of sele-
nium [40]. Three peaks at 398.3, 399.7, and 401.2 eV in the N 1s
XPS spectrum (Fig. 1g) can be ascribed to pyridinic-N, pyrrolic-
N, and graphitic-N, respectively, creating abundant extrinsic
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Figure 1 (a) Schematic of the preparation of MoSe,/ MCFs@NC. (b) XRD patterns of MoSe,/MCFs@NC and MCFs. (c) Raman spectra for MoSe,/

MCFs@NC, MoSe,/MCFs, MCFs, and MoSe,. High-resolution XPS spectra of (d) C 1s, (e) Mo 3d, (f) Se 3d, and (g) N 1s for MoSe,/MCFs@NC.
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defects and active sites [41]. The large peak at 394.5 eV is the
Mo 3ps, originated from Mo-N bonding [42].

The morphologies of MCF precursor and MoSe,/MCFs were
characterized via SEM and TEM. With an average diameter of
~500 nm, MCFs are well distributed as a connected network
structure (Fig. 2a, b and Fig. S4a, b). The hollow structures in
cross-sections can be confirmed by TEM (Fig. 2¢ and Fig. S4c,
d). In addition, the SEM and TEM images of the pure sheet
structure of MoSe, (Fig. S1b-d) show that the MoSe, nanosheets
have successfully adhered to the surface of the MCFs without
excessive aggregation (Fig. 2d, e, and Fig. S2b). The corre-
sponding TEM images (Fig. 2f and Fig. S2¢, d) also demonstrate
the presence of internal pore channels. The element distribution
of Mo, Se, and C is shown in the high-angle annular dark field
(HAADF) and energy dispersive X-ray spectroscopy (EDX)
mapping images (Fig. 2g). As depicted in Fig. 3a, the mor-
phology of the MoSe,/MCFs@NC composites is similar to that
of the precursor MoSe,/MCFs after coating by a carbon layer. In
the magnified view of the composites (Fig. 3b), the sheet-like
MoSe, becomes thicker due to complete encapsulation by the
carbon layer. The internal pore structure allows the electrode to
be exposed to more electrolytes, which provides a continuous
electron transfer channel for the electrode and alleviates the

volume change during charging and discharging. Fig. 3c, d
demonstrate the carbon coating on the surface of MoSe, derived
by PDA. The interface between MoSe, and the carbon layer can
be clearly distinguished in Fig. 3e. In addition, the visible lattice
fringes with an interplanar spacing of 0.68 nm are compatible
with the MoSe;, (002) crystal plane (Fig. 3f). This expanded layer
spacing increases the storage capacity of sodium ions in the
MoSe,/MCFs@NC composites [24]. The HAADF and elemental
mapping images of MoSe,/MCFs@NC indicate the even dis-
tribution of C, N, Mo, and Se elements (Fig. 3g).

Electrochemical performance

The sodium storage performance of MoSe,/MCFs@NC was
systematically evaluated. The first five curves of the CV profiles
of MoSe,/MCFs@NC were obtained at 0.1 mV s7', as depicted in
Fig. 4a. In the first cathodic sweep (discharge process), two
major strong peaks at around 0.76 and 0.57 V are observed. The
intercalation of Na* into MoSe, layers to generate Na,MoSe; is
the first reduction peak at 0.76 V, while another peak at 0.57 V
corresponds to the further reduction of Na,MoSe, to metallic
Mo and Na,Se, as well as the formation of the solid electrolyte
interface (SEI) film [21,25]. The strong peak located near 0 V is
caused by the Na* embedded in the multichannel carbon fiber

Figure 2 The morphology of MCFs and MoSe,/MCFs. (a, b) SEM images and (c) TEM image of MCFs. (d, e) SEM images, (f) TEM image and (g) elemental

mapping images of MoSe,/MCFs.
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Figure 3 Morphology of MoSe,/MCFs@NC. (a, b) SEM images. (¢, d) TEM images. (e, f) HRTEM images. (g) Elemental mapping images.

[43-45]. In the subsequent anodic sweep (charge process), the
reversed conversion reaction of Mo to MoSe; is responsible for
the oxidation peak at 1.66 V [46]. In the next cycles, the almost
overlapping cathode and anode curves suggest good electro-
chemical reversibility of MoSe,/ MCFs@NC. The GCD was
performed to understand the storage capacity of the MoSe,/
MCFs@NC electrode at a current rate of 1 A g'. The discharge
and charge plateaus, as illustrated in Fig. 4b, are compliant with
the CV profile results. Furthermore, the MoSe,/MCFs@NC
anode has a first discharge specific capacity of 676 mA h g™! and
an initial Coulombic efficiency (CE) of 67.1%. The formation of
SEI film and irreversible reactions are attributed to the capacity
deterioration of the initial charge process, which is a common
phenomenon. When MoSe,/MCFs@NC was cycled at 1 Ag™!, a
reversible capacity of 399 mA h g™! was maintained after 100
cycles (Fig. 4c). The gradually increasing capacity of MoSe,/
MCFs@NC is a consequence of the phase transition of MoSe,
from a highly crystalline to an amorphous state, which causes
the active material to expand and store more ions. In particular,
the outstanding sodium storage performance of the MoSe,/
MCFs@NC anodes was further confirmed by the rate test
(Fig. 4d, e). The charge capacity below 1.0 V is calculated to be
150mAh g™ at 0.2Ag™', which is an extremely important
parameter in practical use. The reversible capacities of MoSe,/
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MCFs@NC are 411, 387, 374, 363, 344, and 319 mA h g™ at 0.2,
0.5, 1.0, 2.0, 5.0, and 10.0 A g™', respectively, which are much
higher than those obtained for MoSe,/MCFs and pure MoSe,
(Fig. S5). The discharge capacity can be restored to 409 mA h g™
as the current rate is back to 0.2 A g™', revealing its favorable
reversibility. While the rate performance of MoSe,/MCFs and
MoSe, electrodes is unsatisfactory, this further indicates that
rational design with a multichannel carbon layer can sig-
nificantly improve the electrochemical performance. This
excellent rate performance is superior to other reported MoSe,-
based composites (Fig. 4f) [20,21,25,47-52]. The long-term
longevity of MoSe,/MCFs@NC at 10 A g™ is depicted in Fig. 4g
and Fig. S6. It is capable of achieving a discharge capacity of
303mAhg™! even after 1100 cycles. The excellent electro-
chemical performance of MoSe,/MCFs@NC is due to the fol-
lowing: (1) the microporous multichannel structure not only
increases the speed of the electron and ion transport, but also
enhances the contact between the electrode and electrolyte,
providing huge space for effective buffering of volume changes
during the cycle; (2) MoSe, nanosheets are deposited on MCFs,
providing more active sites for Na* insertion/extraction and
shortening the ion diffusion path. As displayed in Fig. S7, the
overall skeleton of the electrode is still visible after 20 cycles at
0.5A g™, indicating that MoSe,/MCFs@NC has excellent
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Figure 4 Electrochemical performance of the MoSe,/MCFs@NC electrode. (a) CV curves at 0.1 mV s™\. (b) Charge/discharge voltage profiles and (c) cycle
performance at 1 A g™'. (d) Charge/discharge curves at 0.2 to 10 A g™". (e) Rate performance of MoSe,/MCFs@NC, MoSe,/MCFs and MoSe,. (f) Comparison
of the rate capacity of the MoSe,/MCFs@NC electrode with reported anodes based on MoSe,. (g) Cycle stability at 10 A g™".

structural stability.

The reaction kinetics was investigated. Fig. 5a shows the
superior electrochemical properties of MoSe,/MCFs@NC at scan
rates of 0.2 to 1.0 mV s™'. All redox peaks are almost identical,
suggesting a distinct pseudocapacitive behavior, and also indi-
cating fast kinetics and low electrode polarization. Generally, the
captured redox peak current (i) and scan rate (v) conform to the
equation: logi = blogv + loga, where b is originated from the
slope of the logi vs. logv curve as an indicator for judging the
type of charge storage mechanism. The value of b approaching
0.5 indicates that the diffusion-dominated reaction process and
near 1 shows a capacitive effect. Available from Fig. 5a, the b-
values of the MoSe,/MCFs@NC electrode are calculated from
the linear fit of the five labeled peaks of the CV curves presented
in Fig. 5b. The b-values of 0.91, 0.95, 0.89, 0.98, and 0.88 are
calculated according to the peaks 1, 2, 3, 4, and 5, respectively,
showing that its electrochemical process mainly depends on the
surface-induced capacitive process. The relative pseudocapaci-
tive contribution could be determined from the following
equation: i = kv + kp*°, where kv represents the pseudoca-
pacitive behavior, and k»*° suggests the diffusion behavior.
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Fig. 5¢ demonstrates 92.3% contribution of pseudocapacitance.
At scan speeds of 0.2, 0.4, 0.6, 0.8, and 1.0 mV 57!, the pseu-
docapacitive contributions can reach 90.1%, 90.5%, 91.3%,
91.9%, and 92.3%, respectively (Fig. 5d and Fig. S8). Fig. 5e
shows the galvanostatic intermittent titration technique curves
of the MoSe,/MCFs@NC electrodes between 0.01 and 3.0 V. The
overpotential at the appropriate sodiation/desodiation stage is
represented by the potential change for each relaxation cycle.
After calculations, the plots of the Dy, values of MoSe,/
MCFs@NC are shown in Fig. 5f, showing a good kinetics pro-
cess. EIS is also measured and shown in Fig. S9. From the circuit
diagram, CPE, is the constant phase element, and W; is the
Warburg impedance. R; and R, are the ohmic resistance and
charge transfer resistance. Compared with the EIS of MoSe,/
MCFs and MoSe,, the R, value of the MoSe,/MCFs@NC elec-
trode is only 15 Q, which is much lower than that of the MoSe,/
MCFs and MoSe, electrodes, indicating much faster charge
transport kinetics for MoSe,/MCFs@NC.

Considering the attractive sodium storage property of MoSe,/
MCFs@NC, the MoSe,/MCFs@NC anode was assembled into a
sodium-ion full cell by blending with the Na;V,(PO,),0,F
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(NVPOF) cathode. Fig. 6a and Fig. S10 illustrate the capacities of
311, 276, 254, 239, 229, and 221 mA h g™! can be recorded at 0.1,
0.2,0.5, 1, 1.5,and 2 A g™*. In the subsequent cycles (Fig. 6b), the
discharge capacity of the full cell can achieve 250 mA h g™
(GCD curves in Fig. 6¢) at 0.1 A g™* over 35 cycles. Furthermore,
the light-emitting diodes (LEDs) are successfully lighted by the
MoSe,/MCFs@NC//NVPOF full cell (inset Fig. 6b), demon-
strating the practical application. The Ragone plot (Fig. 6d)
exhibits the MoSe,/MCFs@NC//NVPOF and other sodium-ion
full cells [26,47,53-55]. At a power density of 226 W kg™, the
assembled full cell delivers 104 W hkg™ of energy. More
impressively, it keeps 65 W h kg™ at a higher power density of
3960 W kg™, which presents the promising practical applica-
tions of the obtained MoSe,/MCFs@NC electrode.

Storage mechanisms of Na* in BL-MoSe,, MoSe,/MCFs, and
MoSe,/MCFs@NC were detailed compared by DFT calculations.
In the interlayer of BL-MoSe;, two stable adsorption sites for Na
can be seen: the top site on the Mo atom (Site 1) and the hollow
site (Site 2); corresponding E,4s are 0.90 and 0.83 eV, respec-
tively, as illustrated in Fig. 7a. For the interface of the MoSe,/
MCFs@NC heterostructure (Fig. 7b), the adsorption energies of
Na are 1.13 eV on Site 1 and Site 3 (top site on Mo and C atom),
as well as 1.23 eV on Site 2 and Site 4 (both hollow sites on
MoSe, and MCFs). Thus, the adsorption of Na* in the interface
of MoSe,/MCFs@NC will be stronger than that in the interlayer
of BL-MoSe,. The diffusion barriers of Na ions in the interlayer
of BL-MoSe, and MoSe,/MCFs@NC were also checked.
Fig. 7c, d depict the energy map for Na ion diffusion. As can be
calculated, the diffusion barrier of Na in the interlayer of MoSe,/
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MCFs@NC (0.23 eV) is lower than that in the interlayer of BL-
MoSe;, (0.26 V). Therefore, the computational results confirm
that the formation of MoSe,/MCFs@NC heterostructure not
only enables enhanced binding of Na ions in the interlayer, but
also leads to faster diffusion of Na ions.

CONCLUSIONS

In summary, electronic modulation and structural engineering
were used to design a N-doped dual carbon-coated MoSe, with
multichannel paths (MoSe,/MCFs@NC). Owing to sufficient
ion/electron transport channels, excellent electrical conductivity,
and abundant exposed active sites, MoSe,/MCFs@NC exhibits
superior electrochemical properties in SIBs. When served as the
anode of the SIB half-cell, the MoSe,/MCFs@NC exhibits a
capacity of 411 mA h g™' at 0.2 A g”! with an outstanding sta-
bility of the appreciable capacity of 303 mA h g™! after 1100
cycles at 10 A g™'. The computational calculation was performed
to further prove the improved SIBs performance of the MoSe,/
MCFs@NC heterostructure, which can enable enhanced binding
of Na ions in the interlayer and accelerate the diffusion of Na
ions simultaneously. The full SIBs performance shows the con-
struction of transition metal selenides with multichannel paths
favors their potential application in energy storage devices.
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