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Here, an innovative strategy for the synthesis of coral-like porous microspheres comprising polydopamine-
derived N-doped C-coated MoSep composited with graphitic carbon (Coral MoSe;-GC@N—C) for use as
advanced anode materials for sodium- and potassium-ion batteries (SIBs and PIBs) is introduced. The prepared
composite is comprised of few-layered MoSe, particles with enlarged interlayer spacing, which are encapsulated
within the graphitic carbon matrix, which acts as an efficient transport pathway for electrons. It is also char-
acterized by the 3D interconnected pores derived from decomposition of polystyrene nanobeads, which ensure
high contact area between the electrode and electrolyte and shortened sodium- and potassium-ion diffusion
length. N-doped C with high electrical conductivity is coated uniformly on the surface, which plays the role of
reinforcing the structural integrity as well as providing additional conductive pathway for facile electron
transport. When applied as anodes for both SIBs and PIBs, the microspheres show good structural robustness and
high rate capability. The anode exhibits high structural integrity, where stable cycle performance up to 200
cycles at 2.0 A/g for SIBs and 150 cycles at 1.0 A/g for PIBs was observed. In terms of rate performance, the
anode exhibited high discharge capacities of 82 mA h g~* (at 25 A/g, SIBs) and 152 mA h g~ (at 10 A/g, PIBs),
which clearly demonstrates the structural merits of the prepared microspheres.

1. Introduction MoSe; material with large interlayer spacing of 0.63 nm has been

thoroughly investigated due to their efficient ingress and egress of Na- or

In the recent years, sodium- and potassium-ion batteries (SIBs and
PIBs) have gained tremendous research attention due to their potential
in replacing lithium-ion batteries (LIBs), which utilizes Li element with
uneven geological distribution on earth and high price due to the scar-
city [1-5]. Unfortunately, the practical use of SIBs and PIBs is hindered
due to the critical problems including capacity decay arising from re-
petitive insertion and extraction of Na- and K-ions and sluggish elec-
trochemical kinetics due to the larger ionic radius of Na-ion (1.02 A) and
K-ion (1.38 A) in comparison to that of Li-ion (0.76 i\) [1,2,5-7]. Various
approaches have been adopted to enhance the electrochemical perfor-
mance of anode materials applied for SIBs and PIBs [5-9]. For achieving
high capacity, various transition metal chalcogenides have been applied
as anodes due to their high theoretical capacity [10-16]. Among them,
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K-ions between the layers [17-19]. Unfortunately, MoSe, materials
suffer from structural degradation due to the volume changes that
inevitably occur during cycling [19,20]. In addition, due to the high
surface energy, MoSes nanosheets are prone to agglomerate during
preparation procedure [19,21].

Design of nanostructured electrode materials has proven effective in
enhancing the electrochemical properties of anode materials for both
SIBs and PIBs [17,22-24]. One of the most successful approaches is to
introduce pores inside electrode materials, which can accommodate the
large strain induced during repetitive cycles, endow large contact area
between the active material and the electrolyte, and shorten the alkali-
ion diffusion length [17,22,25]. Various methods have been applied for
the synthesis of porous electrode materials; Zhang et al. prepared
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multicore-shell FeSo@C nanocapsules for use as anode for PIBs by
coating Fe;O3 nanocapsule with carbon, etching with HF solution, and
subsequent sulfidation process. The numerous pores in the anode
enabled effective alleviation of volume changes, where capacity reten-
tion of 84.2 % after 500 cycles at 0.5 A g~ was observed [26]. Wang
et al. successfully prepared ultrafine SnO, nanoparticles anchored on 3D
porous carbon network as anode for PIBs; high rate performance (145
mA h g !at 2.0 A g™!) was observed since the porous structure enabled
facile penetration of electrolyte, enlarging the contact area with the
anode [27]. Since many strategies for the synthesis of porous materials
are based on the multiple coating steps and the use of etchants, simpler
and more safe methods should be developed.

Compositing active materials with carbonaceous matrix is also
spotlighted as an effective approach for improving the electrochemical
performance of anode materials [28-30]. Conductive carbon such as
graphitic carbon (GC) can extend battery life, compensate for the low
electrical conductivity of transition metal chalcogenides, and provide
conductive pathways for efficient ion and electron transport [30,31].
Besides, carbon coating has been a promising method to enhance the
electrochemical properties of MoSey-based materials, which can inhibit
the stacking and crystal growth of MoSe;, overcome the low electron
transport kinetics, and alleviate the volume variation during the
discharge/charge process [21,32]. In particular, N-doped C coating has
been an effective strategy to enhance the electrochemical performance
of both SIBs and PIBs [21,33,34]. Nitrogen doping into the carbon ma-
terial can tune the electron-donor properties, and consequently improve
the electrical conductivity of the carbon material and increase the
bonding force between the carbon materials and MoSey [33-35]. In
addition, it not only improves the utilization of the active material by
preventing poly-selenide dissolution problem after the first cycle, but
also triggers the formation of a stable solid electrolyte interphase (SEI)
layer leading to stable cycle performance [35].

To effectively restrict the agglomeration of MoSe; material, we
introduced a 3-dimensional (3D) interconnected porous structure that
comprises MoSe; nanocrystals well-embedded inside the GC matrix
using spray pyrolysis process. In this study, a facile strategy for the
preparation of coral-like porous microspheres comprising polydopamine
(PDA)-derived N-doped C-coated MoSe, composited with GC (Coral
MoSey-GC@N—C) is introduced. Aqueous solution containing ammo-
nium molybdate, polyvinylpyrrolidone (PVP), and polystyrene (PS)
nanobeads, each of which plays an important role in the synthetic pro-
cedure, was atomized using ultrasonic power. During pyrolysis, 3D-
interconnected porous structure is developed in the microspheres due
to the decomposition of PS nanobeads. The growth of MoSe; crystals and
their stacking are inhibited since molybdenum component is encapsu-
lated within PVP matrix during the synthetic procedure. During seleni-
zation process, GC is formed from the graphitization of PVP due to the
catalytic effect of metallic Mo nuclei, which acts as primary transport
pathway by which electrons are directly transferred from the active
material. Subsequently, N-doped C derived from PDA was coated on the
microspheres to not only reinforce the structural integrity but also act as
a secondary pathway for electron transport. The formation mechanism
of Coral MoSe,-GC@N—C microspheres is systematically investigated at
each synthesis step, by analyzing the characteristics of the microspheres
in depth. These structural merits altogether led to enhanced electro-
chemical properties as anodes for both SIBs and PIBs, especially in terms
of rate performances.

2. Experimental
2.1. Sample preparation

Coral-like porous microspheres comprising PDA-derived N-doped C-
coated MoSe, composited with GC are prepared by spray pyrolysis

process, subsequent heat treatment, and liquid-based coating process.
Briefly, 12 g of (NH4)gM07024-4H20 (DAEJUNG, >98 %) and 4 g of PVP
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(DAEJUNG, M,, = 40,000) were dissolved in 200 mL of distilled water
by vigorous stirring for 2 h. Subsequently, 200 mL of 0.1 g mL™! PS
nanobead suspension (¢ = 100 nm) was added and stirred for a couple of
hours to obtain the colloidal spray solution. PS nanobeads were pre-
pared using the method described in our previous report [36]. The
prepared suspension was ultrasonically nebulized into droplets, which
were then carried to a quartz reactor fixed at 700 °C using N carrier gas
(10 L min™!). The as-prepared powder obtained through the spray py-
rolysis was subjected to heat treatment in a slightly reducing atmosphere
[Ar/H; (vol = 95:5%) mixture gas] at 350 °C for 3 h for the selenization
process. The weight ratio of Se powder, which is used as the Se source,
and as-prepared powder was 3:1. 0.1 g of the as-prepared porous MoSe;-
GC microspheres was dispersed in 100 mL of tris buffer solution (0.01 M,
pH: 8.7), and then 50 mg dopamine hydrochloride (Alfa Aesar, 99 %)
was added and stirred at ambient condition for 12 h. PDA-coated porous
MoSe;-GC microspheres were washed with distilled water several times
using centrifugation, and then dried in an oven at 100 °C. Finally, Coral-
like porous microspheres comprising PDA-derived N-doped C-coated
MoSe; composited with GC were obtained by carbonization process at
400 °C for 3 h in an N atmosphere. For comparison, bare MoSe, powder
was also prepared through an identical method using spray pyrolysis
and selenization process. The spray solution was prepared from addition
of 12 g (NH4)gMo07024-4H20 to 400 mL distilled water and subsequent
stirring for 1 h. The temperature of the quartz reactor was fixed at 400
°C, and flow rate of the carrier gas (air) was 10 L min~'. The as-prepared
MoO, microspheres without pores and carbon obtained by spray py-
rolysis were selenized at 500 °C for 10 h under Ar/H; (vol = 95:5%)
atmosphere to obtain bare MoSe; powders. Additional information on
material characterization and electrochemical characterization is pro-
vided in the supporting information.

3. Results and discussion

Coral-like porous microspheres comprising PDA-derived N-doped C-
coated MoSe, composited with GC were prepared from spray pyrolysis,
and subsequent selenization and C-coating processes. The detailed
synthesis mechanism for unique-structured porous microspheres is sys-
tematically described in Scheme 1. Aqueous droplets composed of
ammonium molybdate, PVP, and PS nanobeads (¢ = 100 nm) as Mo
precursor, carbon source, and porogen, respectively, were generated

Spray pyrolysis
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Scheme 1. Schematic representation of formation mechanism(®-®) of Coral
MoSe,-GC@N—C composite microspheres.
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using ultrasonic nebulizer. (Scheme 1-®). The droplets goes through a
vertical quartz reactor tube (Scheme S1) which was maintained at
700 °C; in this process, Mo precursor is thermally decomposed to MoO,
and PVP is transformed into amorphous carbon (AC). PS nanobeads are
eliminated during spray pyrolysis leaving pores behind, resulting in the
formation of interconnected mesoporous structure throughout the
whole microsphere. This resulted in the formation of porous composite
microspheres with single phase MoO; embedded in the AC matrix
(Scheme 1-@). Furthermore, the as-sprayed porous MoO»-C composite
microspheres were selenized at 350 °C for 3 h in the Ar/Hjy (vol =
95:5%) atmosphere. During selenization, MoO; reacted with HoSe gas,
which is generated from the reaction of Ar/H, with Se, and metallic Mo
nuclei and SeO;, were formed. The components sublimated at tempera-
tures above 315 °C, and MoSe; phase was subsequently formed [37]. In
addition, the AC decomposed from PVP was further converted to GC by
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the assistance of Mo as a catalyst for graphitization [38-40]. Moreover,
numerous pores formed by the decomposition of PS nanobeads facili-
tated the penetration of HySe gas into the interior of the structure,
enabling the homogeneous formation of MoSe; crystals throughout the
microspheres. The selenization process led to the formation of coral-like
porous microspheres comprising MoSe; composited with GC (denoted as
Coral MoSey-GC; Scheme 1-®). In the final step, PDA-derived N-doped C
layer, which acts as a secondary conductive pathway, was coated onto
Coral MoSe;,-GC composite microspheres through a facile solution-based
coating process. Coral MoSey-GC microspheres treated with PDA were
carbonized at 400 °C in an Ny atmosphere, which formed uniform N-
doped C coating on the surface (Scheme 1-®). The overall synthesis
process led to the formation of highly conductive coral-like porous mi-
crospheres comprising PDA-derived N-doped C-coated MoSez compos-
ited with GC (denoted as Coral MoSe;-GC@N—C).
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Fig. 1. Morphologies, SAED, XRD pattern, Raman spectrum, and elemental mapping images of Coral MoSe,-GC composite microspheres obtained after selenization
at 350 °C: (a,b) FE-SEM images, (c-e) TEM images, (f) HR-TEM image, (g) SAED pattern, (h) XRD pattern, (i) Raman spectrum, and (j) elemental mapping images.
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After each step of the synthesis, comprehensive morphological and
crystallographic analyses of the prepared microspheres were performed
to elucidate the formation mechanism. Microstructure and XRD pattern
of as-prepared porous MoO;-C composite microspheres obtained from
spray pyrolysis are shown in Fig. S1. The FE-SEM image (Fig. S1a) re-
veals the formation of well-dispersed and non-agglomerated micro-
spheres with an average diameter of 1.5 pm. Moreover, the presence of
interconnected open pores at the outer surface of the microspheres could
be identified. In the fractured FE-SEM image shown in Fig. Slb,
numerous interconnected pores could be witnessed, suggesting that
interconnected pores also exist at the interior of the microspheres. The
formation of these pores is due to the decomposition of PS nanobeads
into gaseous products during spray pyrolysis at 700 °C. The XRD pattern
(Fig. S1c) of the powder shows well-resolved sharp diffraction peaks
corresponding to MoO,. TG analysis (Fig. S1d) of porous MoO»-C com-
posite was performed in an air atmosphere, which revealed some weight
fluctuation as a function of temperature. The initial weight loss that
occurs up to 200 °C is due to the removal of water molecule adsorbed on
the surface as well as water in the crystal lattice. Weight increase at 360
°C and subsequent weight loss at temperature range of 360-440 °C
correspond to the oxidation reaction of MoO; to form MoOj3; and
decomposition of carbon into gaseous products, respectively, where
total of 5 wt% weight loss was observed. Since a theoretical weight gain
of 10 wt% occurs when MoOs is transformed into MoOs phase, the
weight loss due to the combustion of carbon corresponds to 15 wt%,
which is in line with the elemental analysis (EA) results of porous MoO-
C microspheres shown in Table S1.

The coral-like porous microspheres comprising MoSes composited
with GC (Coral MoSe,-GC) were obtained by selenization of as-sprayed
porous MoO,-C composite. Selenium powder was adopted as Se source
since it can combine with Hj to form HySe gas during the heat-treatment
process. The morphological and crystallographic characteristics of Coral
MoSez-GC microspheres obtained from the selenization process are
shown in Fig. 1. The low magnification FE-SEM image (Fig. 1a) clearly
indicates that the obtained Coral MoSey-GC microspheres (average
diameter ~ 1.5 um) were non-agglomerated with well-distributed
interconnected mesopores present at the external and internal parts of
the microspheres (Fig. 1b). The TEM image (Fig. 1c) further confirms
that numerous pores were formed inside the microspheres. The TEM
image in Fig. 1d reveals the crystalline MoSe; and numerous mesopores
with dark and bright contrast, respectively. The magnified TEM image
(Fig. 1e) shows that polycrystalline few-layered MoSes nanosheets with
an average width of 5 nm are embedded within the carbon matrix.
Polycrystalline few-layered nanosheets were formed since the crystal
growth and stacking of the nanosheets were effectively suppressed by
the surrounding carbon material. Moreover, it should be noted that the
interconnected pores generated by the decomposition of PS nanobeads
allow efficient penetration of HySe gas into the structure, forming uni-
form polycrystalline few-layered nanosheets throughout the micro-
spheres. Polycrystalline few-layered MoSe; nanosheets in the carbon
matrix is expected to increase the contact with the electrolyte, thereby
improving the ionic/electronic conductivity. The high-resolution TEM
(HR-TEM) image (Fig. 1f) shows well-resolved interlayer spacing of
0.70 nm corresponding to the (002) lattice plane of MoSe,, which is
slightly wider than that of natural MoSe, (0.63 nm). NH** ions, which
are derived from ammonium molybdate salt and incorporated between
the lattices of molybdenum compound, were removed during the sele-
nization process, widening the interlayer spacing [41,42]. It is expected
that the expanded lattice spacing can accelerate the intercalation/
deintercalation kinetics of Na- and K-ions, therefore enhancing the
reversible capacity and rate capability of the electrode. The selected area
electron diffraction (SAED) pattern (Fig. 1g) displays well-resolved
diffraction rings that correspond to the bi-phasic crystal lattices of 2H-
MoSe; and MoSe;. The XRD pattern (Fig. 1h) exhibits sharp peaks
relevant to the mixed phases of 2H-MoSe; and MoSes, which is consis-
tent with the SAED results. Additionally, the average crystallite size of
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MoSe; in Coral MoSey-GC microspheres calculated from the Scherrer
equation using the highly intense (100) diffraction peak in the XRD
pattern was 5.3 nm; the result matches well with the TEM results. The
Raman spectrum (Fig. 1i) of Coral MoSe;-GC microspheres shows the
peaks at 167.1, 239.1, 284.5, and 348.0 cm ™! corresponding to in-plane
vibration of Eq, out-of-plane Ay, in-plane E},, and Bég mode of MoSes,
respectively [43,44]. The peaks at 1358 and 1589 cm™! can be assigned
to the D- and G-band of the carbon material, respectively [43]. In
addition, the relative intensity ratio of the D- and G-band (Ip/Ig), which
can be used as an indicator to determine the crystallinity of carbon
materials, of 0.43 suggests the highly crystalline nature of carbon.
Compared to the Ip/I; ratio of as-sprayed microspheres (Fig. 52), Coral
MoSey-GC microspheres exhibited much lower Ip/Ig value. This is
because AC was converted to GC due to the catalytic effect of metallic
Mo nuclei formed during the selenization process in a reducing atmo-
sphere. Additionally, the estimated C content in Coral MoSez-GC mi-
crospheres through TG analysis (Fig. S3) was 5 wt%, which is consistent
with the EA results (Table S1). The elemental mapping results (Fig. 1j)
reveal the homogeneous distribution of Mo, Se, C, and N in Coral MoSe;-
GC microspheres.

In order to achieve excellent Na- and K-ion storage performance of
the cell with high-rate capability and reasonable cycling stability, PDA-
derived N-doped C was coated on Coral MoSe,-GC microspheres through
a facile solution-based method and subsequent carbonization heat-
treatment. The morphologies of coral-like porous microspheres
comprising PDA-derived N-doped C-coated MoSe; composited with GC
(Coral MoSep-GC@N—C) are provided in Fig. 2. The low-magnification
FE-SEM image (Fig. 2a) shows that Coral MoSe;-GC@N—C micro-
spheres shares similarity with Coral MoSe,-GC microspheres in terms of
morphology. The high-magnification FE-SEM image (Fig. 2b) indicates
that the coating and subsequent heat treatment process had a negligible
effect on the overall morphologies of the composite microspheres. The
TEM images (Fig. 2c and d) show coral-like porous microspheres
comprising numerous interconnected pores throughout the structure.
The high-magnification TEM image (Fig. 2e) reveals that carbon layer
with a uniform coating thickness of 8.2 nm, which encompass the
polycrystalline few-layered MoSe; nanosheets composited with GC, is
formed after the coating process. This can be confirmed from the dis-
tribution of coated carbon in external and internal parts of the micro-
spheres obtained using electron energy-loss spectroscopy (EELS)
analysis (Fig. S4). As shown in the Fig. S4a, Mo, Se, and C elements were
uniformly distributed in a single microsphere. Notably, near the surface
of each primary particle comprising the microsphere, green dots corre-
sponding to C element could be observed in the regions where blue and
orange dots do not exist, suggesting the coverage of MoSe; particles by
carbon. This is further confirmed from the magnified images showing
the distribution of Mo and C elements near the pore and for dense par-
ticle (Fig. S4b and c), where carbon surrounding the MoSey particles
could be clearly observed. Additionally, the HR-TEM image (Fig. 2f)
suggests that the coating process did not affect the crystal structure of
the composite microspheres, which can be ascertained by the lattice
fringe separated by 0.70 nm, corresponding to the (002) plane of
MoSey. The SAED pattern (Fig. 2g) also shows clear diffraction rings
corresponding to 2H-MoSe; and MoSe; phases, which is in line with that
of coral MoSe,-GC microspheres (Fig. 1h), confirming that MoSes crystal
phase was maintained even after additional heat treatment. The bi-
phasic crystal lattices of 2H-MoSe; and MoSe, are uniformly distrib-
uted within the microspheres since the spray pyrolysis process was used
for the synthesis. Powder prepared from spray processes include ho-
mogeneous composition since the desired metal salts and carbon sources
are dissolved in the precursor solution at atomic scale. The HR-TEM
images of Coral MoSe,-GC@N—C composite microspheres were
further analyzed (Fig. S5). Several interlayer spacing corresponding to
2H-MoSe; and MoSe; phases could be observed, confirming the ho-
mogenous distribution of both phases inside the microsphere. The
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Fig. 2. Morphologies, SAED, XRD pattern, Raman spectrum and elemental mapping images of the Coral MoSe,-GC@N—C composite microspheres: (a,b) FE-SEM
images, (c-e) TEM images, (f) HR-TEM image, (g) SAED pattern, (h) XRD pattern, (i) Raman spectrum, and (j) elemental mapping images.

existence of both 2H-MoSe; and MoSe; phases uniformly distributed at
nanoscale forms heterointerface. Therefore, it is expected that they can
accelerate the electrochemical kinetics to a certain degree [45,46]. The
XRD pattern (Fig. 2h) is in good agreement with the above results,
indicating a clear coexistence of diffraction peaks corresponding to the
nanocrystalline 2H-MoSe; and MoSe; crystal structures. The specific
contents of 2H-MoSe, and MoSe; phases were quantified using Rietveld
refinement, as shown in Fig. S6. Rietveld refinement was carried out
using crystallographic information of 2H-MoSe; with a hexagonal
structure (P63/mmc space group) and MoSe; with hexagonal structure
(R3m space group). The phase fractions of 2H-MoSe; and MoSe; in Coral
MoSey-GC@N—C composite microspheres were calculated as 36.2 mol
% and 63.8 mol%, respectively. Notably, both the interlayer spacing of
MoSe; in Coral MoSe,-GC and Coral MoSe;-GC@N—C microspheres
showed blue shift as revealed by the XRD pattern in Fig. S7. The inter-
layer spacing calculated from the Bragg’s law for Coral MoSe,-GC (0.68
nm) and Coral MoSe;-GC@N—C (0.68 nm) microspheres ascertained
the enlarged interlayer spacing. There was some discrepancy between
the interlayer spacing obtained from HR-TEM images (Fig. 1f and 2f)
and XRD patterns (Fig. S7), which may have occurred due to different
analysis methods, but both data revealed the enlarged interlayer spacing
of MoSe; in Coral MoSe»-GC and Coral MoSe2-GC@N—C microspheres.
The average crystallite size of MoSe; in Coral MoSe;-GC@N—C

microspheres was 6.5 nm, which was calculated using the Scherrer
formula from (100) peak with high intensity in the XRD pattern. Even
after further heat treatment, the average size of MoSe, nanocrystals was
similar, suggesting effective inhibition of crystal growth by the carbon
matrix and the PDA-derived C layer surrounding the MoSe; crystals.
These results confirmed that MoSe, phase was maintained even after
PDA treatment, and the thin PDA-derived C layer was uniformly coated
on the polycrystalline few-layered MoSe; nanosheets composited with
GC. In particular, the PDA-derived conductive C layer, along with GC,
served as pathway for fast electron transport. Moreover, the carbon
coating strategy not only increases the mechanical integrity of the
composite microspheres, but also improves electrochemical properties
due to the accelerated redox process. The Raman spectrum of Coral
MoSey-GC@N—C microspheres (Fig. 2i) reveals characteristic peaks at
167.1, 239.2, 284.1, and 348.0 cm ™! of MoSe,, identical to the Raman
results of Coral MoSe,-GC microspheres (Fig. 1i) [43,44]. In addition,
Raman spectra of Coral MoSes-GC and Coral MoSep-GC@N—C micro-
spheres in the Fig. S8 (in the range between 200 and 320 cm ™ ?) revealed
peaks corresponding to Alg/Eég bands that occur at 239.1/284.5 cm™!
and 239.2/284.1 cm ™!, respectively. The peaks corresponding to the Ayg
and Eég bands were blue-shifted and red-shifted, respectively, in com-
parison to those of bulk MoSe; reported in the literatures [47-49],
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which reveals the few-layered characteristics of MoSe, in Coral MoSe;-
GC and Coral MoSe;-GC@N—C microspheres. Furthermore, peaks cor-
responding to the D- and G-band of the carbon material were observed at
1358 and 1582 cm’l, and the Ip/Ig value was 0.52 [43]. This value also
suggests the highly crystalline nature of carbon, however the Ip/I value
higher than that of non-coated Coral MoSe;-GC microspheres (0.43)
indicated that the introduction of the PDA-derived C layer increased the
disordered carbon in the nanostructure. The result shows that the
abundant N dopant in the PDA-derived C layer introduced defects,
resulting in the increase in the intensity of D-band and decrease in
crystallinity. This observation is consistent with the EA results before
and after the PDA coating process (Table S1). The N contents of Coral
MoSe,-GC@N—C and Coral MoSey;-GC were 2.7 and 0.9 w%, respec-
tively. PDA-derived N-doped C is expected to provide improved elec-
trical conductivity and electrochemical reactivity of Coral MoSe;-
GC@N—C. Additionally, defects formed in the N-doped C layer could
provide additional Na-ion insertion sites that enhance Na-ion storage
ability. The elemental mapping results in Fig. 2j show the uniform
dispersion of Mo, Se, C and N elements in Coral MoSe;-GC@N—C mi-
crospheres. Overall, the above results indicate that PDA-derived N-
doped C was successfully coated on polycrystalline few-layered MoSe;
nanosheets composited with GC to support a kinetically favored redox
process and further improve the overall electrochemical performance.
The chemical nature of Coral MoSe,-GC@N—C microspheres was
characterized by X-ray photoelectron spectroscopy (XPS). The XPS sur-
vey spectrum (Fig. 3a) consists of photoelectric signals corresponding to
Mo 3d, Se 3d, C 1s, and N 1s. Mo 3d spectrum (Fig. 3b) shows two strong
peaks at binding energies of 232.3 and 228.6 eV, which correspond to
the Mo 3ds,2 and Mo 3ds,, states of MoSe, [50,51]. The peaks corre-
sponding to Mo-O bonding at 235.6 and 231.1 eV are attributed to
partial surface oxidation of the samples upon exposure to air [19,50]. In
the Se 3d spectrum (Fig. 3c), characteristic peaks at 55.2 eV (Se 3d3,2)
and 54.1 eV (Se 3ds,2) of MoSe; are also observed [19,51]. Metalloid Se
peaks are observed at 229.9 eV (Se 3s; Fig. 3b), 56.5 and 55.8 eV (Se 3d;
Fig. 3c) due to the incorporation of metalloid Se into the structure during
selenization [19,51]. However, the amount of intercalated Se is assumed
to be low because the peak corresponding to Se was not detected in the
XRD pattern (Fig. 1h) after selenization. Additionally, the Se-O peak at
58.5 eV is attributed to the SeO, formed by exposure of Coral MoSe,-
GC@N—C microspheres to the ambient atmosphere [19]. The C 1s
spectrum (Fig. 3d) reveals three peaks corresponding to O-C—=0, C—N/
C—C, and C—=C bonds at 288.9, 286.0, and 284.8 eV, respectively
[19,52]. The high intensity of the C=C peak suggests the formation of
GC during selenization process. Moreover, the C—N/C—C peak in-
dicates the presence of N-doped C, and the types of bonding present in N-
doped C bonds could be identified in the N 1s spectrum (Fig. 3e). The N
1s spectrum exhibits three peaks at binding energies of 402.5, 400.4, and
398.5 eV, corresponding to graphitic-N, pyrrolic-N, and pyridinic-N,
respectively [53,54]. Graphitic-N was bonded to two C atoms at the
edge of sp2 carbon plane whereas pyridinic-N was bonded to three C
atoms within the graphene plane, respectively [55]. The pyrrolic-N
corresponds to the N atoms inside a five-membered heterocyclic ring
[55]. In addition, Mo-N bond and Mo 3p signals were observed at 396.5
and 394.5 eV, respectively [53,54]. Mo-N bonds are most probably
formed between MoSez and N-doped C phase during the heating process
[54]. To confirm the C content of Coral MoSe;-GC@N—C microspheres,
TG analysis was performed under an air atmosphere. The rapid weight
loss of 53 wt% observed at 366-440 °C is due to the transformation of
MoSe; into MoO3 and combustion of organic elements, such as C and N
(Fig. 3f). The weight loss that occurs from oxidation of MoSe, into MoO3
and combustion of C and N was estimated to be ca. 34 and 19 wt%,
respectively, which was consistent with the C content (15.9 wt%) and
the N content (2.7 wt%) from the EA analysis results (Table S1). The Ny
adsorption-desorption isotherms of Coral MoSe;-GC@N—C micro-
spheres (Fig. S9a) suggest a high degree of gas adsorption, which can be
attributed to the presence of interconnected macropores and micropores
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inside the microspheres and at external surfaces, which led to a high BET
surface area of 55 m? g~1. The y-values peaked at < 2 and 57 nm of the
Barrett-Joyner-Halenda (BJH) pore size curve (Fig. S9b), proving the
presence of micro and macropores. Micropores originated from the N-
species present in the PDA-derived C-coating layer which induced sur-
face defects. In addition, macropores are attributed to the thermal
decomposition of PS nanobeads (¢) = 100 nm). In contrast, Coral MoSe,-
GC microspheres exhibited a relatively low BET surface area of 27 m?
g~ ! due to the absence of numerous surface defects caused by the PDA-
derived N-doped C-coating layer (Fig. S9c). Moreover, the overall broad
distribution of BJH pore size curves (Fig. S9d) indicates interconnected
open pores, consistent with the FE-SEM image (Fig. 1b).

To demonstrate the structural advantages of Coral MoSe;-GC@N—C
microspheres, non-porous and carbon-free bare MoSe, powders were
prepared as one of the comparison samples. The precursor microspheres
obtained after spray pyrolysis exhibit spherical shape with smooth sur-
face and no pores were observed throughout the structure (Fig. S10a and
b). XRD pattern (Fig. S10c) displays the presence of various molybde-
num oxide phases [Mo40;1, hexagonal MoOs (h-MoOs), and ortho-
rhombic MoOs (a-MoO3)]. The obtained as-prepared MoO,
microspheres further underwent selenization at 500 °C to form bare
MoSe; powders (Fig. S11). The low-resolution FE-SEM image (Fig. S11a)
shows that the sample has a crumpled morphology with a non-uniform
size distribution. Additionally, the FE-SEM image (Fig. S11b) reveals
agglomerated sheet-type crystals, which is believed to be layered MoSes
flakes since carbon that can restrict the crystal growth during the sele-
nization process was absent in bare MoSes. The TGA curve (Fig. S11c)
confirms the absence of carbon in the bare MoSe; powder. The XRD
pattern (Fig. S11d) demonstrates the complete phase transition from the
MoO, crystal phase to the 2H-MoSe; phase during the selenization.
Moreover, the crystallite size of the bare MoSe; powder calculated
through the Scherrer equation was 21 nm, which is significantly larger
than that of the two samples (Coral MoSez-GC and Coral MoSe;-
GC@N—C). The N3 adsorption—desorption isotherms (Fig. S11e) and the
BJH desorption pore size distribution (Fig. S11f) indicate the presence of
mesopores resulting from the crumpled MoSe; sheet, however the low
BET surface area (4 m? g~!) suggests a negligible amount of pores.
Additionally, a sharp peak at ~ 4 nm could be observed, which is
attributed to the tensile-strength effect of N3 desorption [56].

The electrochemical properties of 3D porous Coral MoSes-GC@N—C
microspheres composited with GC and N-doped C coating on the surface
are compared with Coral MoSe»-GC microspheres and bare MoSes as
anodes for SIBs and shown in Fig. 4. The cyclic voltammetry (CV) curves
corresponding to the three samples for the first 5 cycles obtained at a
scan rate of 0.1 mV s~ ! in the voltage range between 0.001 and 3.0 V are
shown in Fig. 4a and S12. In the initial cathodic sweep, a broad peak at
1.03 V is identified, which corresponds to the formation of Na,MoSes
phase due to the intercalation of Na-ions [18,21]. Two distinct peaks at
0.64 and 0.42 V are observed upon further sodiation, which respectively
correspond to the conversion reaction, which resulted in the formation
of metallic Mo and NajSe, and the formation of solid electrolyte inter-
phase (SEI) layer resulting from the electrolyte decomposition [17,21].
A sharp peak at 1.73 V and a broad shoulder peak at 2.20 V, which can
be observed during the initial charge process, correspond to the elec-
trochemical reaction of NaySe and metallic Mo to form MoSe; phase and
the formation of Na™ and Se (NaySe — Se + 2Na™ + 2e7), respectively
[32,57,58]. From the second cycle, cathodic peaks at 1.81 and 1.36 V
appeared, which correspond to the reaction of Se and Na to form NasSe
phase and the conversion reaction of MoSey, respectively [59,60]. This
explanation was in line with the ex-situ XRD pattern of Coral MoSe;-
GC@N—C electrode at different states of discharge and charge for the
1st and 2nd cycles (Fig. S13). The preselected potentials where the ex-
situ analysis were carried out are depicted in Fig. S13a. For the initial
state, MoSe; and 2H-MoSe; phases could be well observed, which is in
agreement with the XRD pattern in Fig. 2h. In the initial discharge
process, insertion of Na-ion led to the disappearance of (002) plane of
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molybdenum diselenide. When discharged to 0.9 V, peaks correspond-
ing to 2H-MoSe; could be observed and further sodiation to 0.001 V
resulted in the formation of Mo and NaySe phases. During the initial
charge process, when charged up to 1.95 V, the reappearance of MoSe;
could be identified and NaySe phase was also observed. When fully
charged, peaks corresponding to MoSe; and Se were observed, and the
presence of Se peak is attributed to the following electrochemical re-
action: NaSe — Se + 2Nat + 2e™. In case of the second cycle, Mo and
NajySe could be identified for the discharged state. The intensity of peaks
corresponding to NaySe gradually decreased during charge process, and
MoSey and Se phases were observable for the fully charged state. The CV
curves from the 2nd to 5th cycles overlapped well, which is indicative of
the highly reversible redox reactions of Coral MoSes-GC@N—C micro-
spheres. CV curves of Coral MoSez-GC microspheres and bare MoSey
were analogous to those of MoSe-GC@N—C microspheres, which is
indicative of similar Na-ion storage mechanism (Fig. S12a and b).
Notably, at potential near 0 V, Coral MoSe,-GC@N—C microspheres
exhibited a relatively sharper peak in comparison to the other two
electrodes, which is attributed to the reaction of PDA-derived N-doped C
with Na-ions [31]. For optimizing the electrochemical properties of
Coral MoSe,-GC@N—C microspheres, weight of PDA was controlled as

shown in Fig. S14. Based on 100 mg of Coral MoSe,-GC microspheres,
10, 50, and 100 mg of PDA were used for forming N-doped C shell. As
can be expected, the thickness of carbon coating increased as the amount
of PDA increased (Fig. S14(a-c)). The cycle performances of Coral
MoSe-GC microspheres without PDA and with 10 mg, 50 mg, 100 mg
PDA coating are shown in Fig. S14d. Rise in capacity could be observed
with the increase in PDA amount up to 50 mg; the capacity was the
highest for microspheres coated with 50 mg PDA. However, as the
amount of PDA increased to 100 mg, capacity decreased to 366 mA h
g1, which was even lower than MoSe,-GC microspheres without PDA
coating. In perspective of cycle stability, MoSe,-GC microspheres
(without PDA) exhibited gradual capacity degradation where 121 mA h
g1 was delivered after 200 cycles at 0.5 A g~'. Microspheres coated
with 10 mg PDA exhibited stable cycle performance up to 120th cycle
but showed capacity fading afterwards. Microspheres with 50 and 100
mg PDA coating retained high capacities even after 200 cycles. Opti-
mum amount of N-doped C derived from PDA coated on MoSes-GC
microspheres allows the formation of 3D carbon network with high
conductivity, leading to high capacity as well as stable cycle perfor-
mance. 50 mg PDA was selected as the optimum coating amount since
the anode exhibited the highest capacity as well as good capacity
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retention.

The initial charge and discharge profiles of the microspheres ob-
tained at a current density of 0.5 A g~! are shown in Fig. 4b. The pla-
teaus at which the electrochemical reactions occur were in line with the
peak positions recorded in CV curves. In addition, difference in voltage
hysteresis was observed; AV values for Coral MoSe-GC@N—C, Coral
MoSe,-GC microspheres, and bare MoSe; were 1.15, 1.47, and 1.60 V,
respectively. (Fig. S15) Explicitly lower degree of polarization was
observed in case of Coral MoSe,-GC@N—C in comparison to the other
samples since Na-ion diffusion was facilitated due to coating with N-
doped C and GC surrounding the MoSe; particles, which resulted in high
electrical conductivity. In addition, Coral MoSea-GC exhibited lower
polarization in comparison to bare MoSe,, which is attributed to the
coral-like structures with numerous pores that enabled efficient elec-
trolyte percolation and GC that increased electrical conductivity and
redox kinetics. The initial discharge/charge capacities of Coral MoSe;-
GC@N—C, Coral MoSe,-GC microspheres, and bare MoSe; were 640/
478,529/361, and 426,363 mA h g~ !, respectively (Fig. 4b). The initial
Coulombic efficiencies (ICE) of the samples were 74.7 %, 68.2 %, and
85.2 %, respectively; Coral MoSe;-GC@N—C and Coral MoSe,-GC mi-
crospheres exhibited relatively lower ICEs than bare MoSe; since they
were composited with carbon material with low ICE. However, Coral
MoSe3-GC@N—C microspheres exhibited higher ICEs in comparison to
Coral MoSe,-GC microspheres although Coral MoSe;-GC@N—C has
higher amount of C content (15.9 wt%) than Coral MoSe,-GC (5.2 wt%),
which is attributed to the N-doped C layer that enhanced the electrical
conductivity and reduced some irreversible reactions. Coral MoSes-
GC@N—C microspheres exhibited a relatively long slopy lines near 0 V
(Fig. 4b), which is attributed to the reaction of N-doped C with Na-ions,
leading to higher capacities. The cycle performances of Coral MoSes-
GC@N—C, Coral MoSe;,-GC microspheres, and bare MoSe; as anodes for
SIBs at a current density of 0.5 A g~* are shown in Fig. 4c. Coral MoSe,-
GC@N—C exhibited stable cycle performance up to the 200th cycle,
where a reversible capacity of 479 mA h g~! was delivered. This could be
attributed to the N-doped C coating and the interconnected 3D porous
structure that effectively alleviated the volume changes that occur
during repetitive charge and discharge processes. Coral MoSe,-GC mi-
crospheres exhibited higher structural robustness in comparison to bare
MoSe,, which again verifies the role of 3D porous structure in effectively
enduring the volume changes during cycling. In addition, the cycle
performances of the samples were tested at current densities of 0.5 and
1.0 A g~ for two cycles each and at 2.0 A g~! up to 200th cycle (Fig. 4d).
Due to the structural merits, Coral MoSe;-GC@N—C retained high ca-
pacity of 284 mA h g~!, which is approximately 2.8 times higher in
comparison to the other two. The rate performances of the microspheres
were tested at current densities ranging from 0.1 to 25 A g~, and the
results are provided in Fig. 4e. In case of Coral MoSe;-GC@N—C mi-
crospheres, capacities of 511, 484, 438, 420, 400, 365, 341, 304, 267,
221, 167,119, and 82 mA h g’1 were recorded at current densities of
0.1, 0.2, 0.5, 0.7, 1.0, 2.0, 3.0, 5.0, 7.0, 10, 15, 20, and 25 A g,
respectively. When the current density returned to 0.1 A g7, the ca-
pacity was well-recovered to 565 mA h g ™. Explicit difference between
the capacities of Coral MoSe;-GC@N—C and Coral MoSe,-GC micro-
spheres could be observed at current densities higher than 3.0 A g™ .
Capacities of Coral MoSe,-GC microspheres decreased from 467 to 5 mA
h g~! when the current density increased from 0.1 to 25 A g~!. Bare
MoSe; exhibited the lowest capacities among the three samples at
almost all current densities. The superior rate capability of Coral MoSes-
GC@N—C in comparison to Coral MoSe,-GC microspheres and bare
MoSe, derived from the interconnected 3D porous structure, which
enabled easy penetration of electrolyte as well as decreased the ion
diffusion path. In addition, N-doped C coating on the surface with high
electrical conductivity accelerated the electrochemical kinetics of the
anode. GC in the microspheres has also acted as the matrix that sup-
plemented electrical conductivity. Owing to these structural merits,
Coral MoSey,-GC@N—C exhibited superior electrochemical properties
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with various MoSe, materials applied as anodes for SIBs (Table S2).
Moreover, to explore the potential of Coral MoSez-GC@N—C anode for
practical use, it was coupled with NagVy(POg4)3/carbon microspheres
prepared from the spray drying process for preparation of sodium-ion
full cell, and the relevant information is provided in Fig. S16 and S17.

To explain the origin of the fast Na-ion storage kinetics of Coral
MoSe,-GC@N—C, CV curves of three samples were obtained at sweep
rates ranging from 0.1 to 2.0 mV s~ ! and are presented in Fig. 5a, S18a
and c. The power law, i = @®, was applied to obtain b-values, which can
be used to understand whether the electrochemical reaction is surface-
capacitive or diffusion-limited [61,62]. b-value close to unity indicates
that the reaction is dominated by surface-capacitive reaction whereas
that close to 0.5 implies that the electrochemical reaction is diffusion-
controlled [61-64]. b-values were calculated for Peaks 1 ~ 4 at which
the main redox reactions occur using the relationship between log (i) vs
log (v) and are shown in Fig. 5b, S18b, and d. b-values of Coral MoSe;-
GC@N—C for Peaks 1 ~ 4 were 0.97, 0.92, 0.90, and 0.94, which were
larger than Coral MoSe,-GC microspheres due to the successful coating
of N-doped C layer with relatively higher electrical conductivity. Coral
MoSey-GC microspheres exhibited higher b-values in comparison to bare
MoSey probably due to the interconnected porous network that effec-
tively reduced the Na-ion diffusion length and enhanced the contact
between electrode and electrolyte, leading to higher degree of surface-
capacitive reactions. In addition, the amount of surface-capacitive re-
action and the diffusion-controlled reaction was quantitatively distin-
guished using the following equation: i = k;v+kyv/2 [57,62]. The
former corresponds to the current derived from surface-capacitive re-
action whereas the latter indicates the current from diffusion-controlled
reaction. The percentages of capacitive reactions in comparison to the
empirically obtained current for Coral MoSe,-GC@N—C, Coral MoSe,-
GC microspheres, and bare MoSe; at scan rate of 2.0 mV s~ were 90, 88,
and 70 % (Fig. 5c, e, and g), respectively. The percentage of capacitive
contribution at various scan rates from 0.1 to 2.0 mV s~! are summa-
rized in Fig. 5d, f, and h. The large difference between microspheres with
coral structure and dense structure is attributed to the 3D interconnected
porous network, which facilitated the surface-capacitive reactions as
well as enhanced the contact area between electrode and electrolyte. In
addition, Coral MoSe,-GC@N—C exhibited higher capacitive contribu-
tion in comparison to Coral MoSe,-GC, which is due to the N-doped C
matrix that successfully encompassed MoSe; microspheres and provided
additional electrical conductivity.

The stable and fast Na-ion storage capabilities of Coral MoSe;-
GC@N—C microspheres in comparison to those of Coral MoSey-GC
microspheres and bare MoSe; were confirmed with the electrochemical
impedance spectroscopy (Fig. 6). The Nyquist plots of the electrode
materials were obtained prior to cycling, and after the 1st and 100th
cycles at the fully charged states. The obtained Nyquist plots were
further deconvoluted with the Randles-type equivalent circuit shown in
Fig. S19. Charge transfer resistance (R.t) of Coral MoSe-GC@N—C,
Coral MoSe,-GC microspheres, and bare MoSe; for the freshly assembled
cells were 158, 314, and 404 Q, respectively (Fig. 6a). Coral MoSe,-GC
microspheres exhibited lower R in comparison to bare MoSe; due to
the presence of GC with relatively higher electrical conductivity. When
coated with N-doped C on the surface which enabled high electrical
conductivity, drastic decrease in R was observed, indicating the
enhanced charge transfer kinetics. After the 1st cycle, R¢ values of all
electrodes decreased, which is attributed to the formation of ultrafine
nanocrystals (Fig. 6b) [65,66]. The Nyquist plots of the electrodes after
the 100th cycle are presented in Fig. 6¢, where Coral MoSe;-GC@N—C,
Coral MoSe,-GC microspheres, and bare MoSe; exhibited R.; values of
65, 109, and 155 Q, respectively. The SEM images of the electrode
materials were taken after 150 cycles at 0.5 A g’1 (Fig. 6(d-f)) to un-
derstand the difference in R values between the microspheres. Rt of
Coral MoSey-GC@N—C was very low in comparison to the other mi-
crospheres, which is due to the structural robustness arising from N-
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doped C coating as can be ascertained with the SEM image in Fig. 6d.
Coral MoSey-GC microspheres suffered from structural degradation to
some degree during repetitive cycling as shown in Fig. 6e, which
resulted in much higher R than N-doped C-coated counterpart. Bare
MoSe; could not withstand the stress induced during cycling, which led
to the formation of bulky agglomerates, which resulted in the highest R¢t
after 150 cycles among the three microspheres (Fig. 6f).

The structural merits of Coral MoSe;-GC@N—C microspheres that
lead to high electrochemical kinetics were further ascertained by
applying Randle-Sevcik equation: I, = 0.4463nFAC(nFnD/RT)"/? =
[(269,000)n%/2AD/2C]y'/? (Fig. 7) whose parameters are well described
in the previous work [67]. In our case, n, A, and C correspond to 4,
1.5386 cmz, and 0.001 mol cm’B, respectively. The Peaks for which the
Na-ion diffusivity is calculated are shown in Fig. 7(a-c). The linear
relationship between peak current (V) and square root of scan rate (vl/ 2)
are presented in Fig. 7(d-f); the Na-ion diffusivity of Coral MoSe;-
GC@N—C, Coral MoSe,-GC microspheres, and bare MoSe; is summa-
rized in Fig. 7g. Diffusivity of Coral MoSe,-GC microspheres was
explicitly higher than that of bare MoSe,, which is attributed to the 3D
interconnected porous structure and presence of GC that facilitated the
diffusion of Na-ions. Coral MoSe,-GC@N—C microspheres with N-
doped C matrix with high electrical conductivity and coral-like structure
exhibited the highest diffusivity for all peaks. The calculation results can
well explain the origin of fast Na-ion storage kinetics in Coral MoSe;-
GC@N—C microspheres, which led to high capacities even at a high
charging rate of 25 A g™ .

The electrochemical properties of Coral MoSey-GC@N—C, Coral
MoSe,-GC microspheres, and bare MoSe; as anodes for PIBs are pre-
sented in Fig. 8. CV curves of Coral MoSe,-GC@N—C microspheres were
recorded at a sweep rate of 0.1 mV s * and are presented in Fig. 8a.
During initial discharge process, reaction between MoSe, and K-ions
occurred, resulting in the formation of K,MoSe, [68-70]. The distinct
peak that appears at 0.25 V corresponds to the conversion reaction that
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results in the formation of Mo and K,Se phases as well as the formation
of SEI layer [68-70]. During the charge process, peak relevant to the
formation of MoSe, material could be found at 1.7 V [68,70]. From the
second cycle and on, during discharge process, a distinct peak corre-
sponding to the transformation of MoSe; into Mo and KySe could be
observed at 1.1 V [53,68]. Reversible conversion reaction that leads to
the formation of MoSey could be observed at 1.7 V during the anodic
sweep [53,68,70]. The CV curves overlapped well from the second cycle,
which is indicative of highly reversible redox reactions. The CV curves
for Coral MoSe,-GC microspheres and bare MoSe; are also provided in
Fig. S20, which exhibited similar shapes with that of Coral MoSe;-
GC@N—C microspheres. The initial charge-discharge profiles of the
anodes recorded at a current density of 1.0 A g~! are shown in Fig. 8b;
Coral MoSey-GC@N—C, Coral MoSe3-GC microspheres, and bare MoSey
exhibited discharge capacities of 417, 408, and 294 mA h g}, with
Coulombic efficiencies of 66, 73 and 72 %, respectively. Notably, in case
of K-ion storage, Coral MoSe,-GC@N—C microspheres didn’t exhibit
higher capacities in comparison to Coral MoSe2-GC microspheres, which
is in contrast to the results of SIBs. The charge-discharge profiles in
Fig. 8b didn’t exhibit a slopy line at potential near 0 V, which is in line
with the results of CV analysis in Fig. 8a. This implies that K-ions only go
through pseudocapacitive electrochemical reactions at N-doped C’s
surface; therefore, capacity increase effect by N-doped C coating was not
observed. The cycle performances of the three electrodes were tested at a
current density of 1.0 A g’l, where Coral MoSe>-GC@N—C micro-
spheres exhibited high structural integrity; a capacity of 251 mA h g~}
could be delivered even after 150 cycles (Fig. 8c). The structural merits
of Coral MoSep-GC@N—C microspheres also led to the stable cycle
performances as anode for PIBs. Coral MoSe-GC microspheres exhibited
higher capacities in comparison to bare MoSe, at 1.0 A g~!, which is
attributed to the 3D porous structure that led to rich redox reactions and
enlarged active areas. Since N-doped C shielding was not present in
Coral MoSe2-GC microspheres, stress received during repetitive cycling
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comparison table.
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was not effectively alleviated, leading to capacity degradation at cycle
number over 70th. The rate performances of the three electrodes tested
at current densities ranging from 0.1 to 10.0 A g™! are presented in
Fig. 8d. In case of Coral MoSe,-GC@N—C microspheres, capacities of
290, 280, 254, 240, 231, 223, 210, 190, 172, and 152 mA h g’l were
recorded at current densities of 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 3.0, 5.0, 7.0,
and 10 A g™}, respectively. In comparison, the capacities of Coral MoSey-
GC microspheres and bare MoSe; decreased from 328 and 60 mA h g~*
to 269 and 41 mA h g}, respectively, when the current density changed
from 0.1 to 10 A g~ 1. The strategy of introducing interconnected 3D
porous structure as well as conductive N-doped C coating at the surface
led to great performances even when applied as anode for PIBs. The
electrochemical properties of various nanostructured MoSe; materials
applied as anode for PIBs are presented in Table S3; Coral MoSes-
GC@N—C microspheres exhibited high performance, especially in terms
of rate capability.

The origin of the fast electrochemical kinetics of Coral MoSey-
GC@N—C microspheres, which enabled high capacity of 152 mA h g~}
at 10 A g™, was unveiled by obtaining CV curves at various scan rates
(Fig. S21a). b-values obtained from the relationship between log (i) vs
log (v) for Peaks 1 ~ 3 were 1.00, 0.80, and 0.97, indicating high degree
of surface capacitive reaction (Fig. S21b). Furthermore, Coral MoSe;-
GC@N—C microspheres showed 90 % surface-capacitive reaction at a
scan rate of 1.2 mV s (Fig. S21c). The bar chart indicating the
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percentage of capacitive contribution at various scan rates is shown in
Fig. S21d, where the percentage increased from 62 % to 90 % when the
scan rate increased from 0.1 to 1.2 mV s ' The electrochemical
impedance spectroscopy (EIS) analyses of Coral MoSe;-GC@N—C, Coral
MoSe»-GC microspheres, and bare MoSe, for the K-ion storage prior to
cycling and for the 1st, 10th, and 150th cycles are shown in Fig. S22. For
the freshly assembled cells, Coral MoSe;-GC@N—C exhibited the lowest
R, followed by Coral MoSe,-GC microspheres and bare MoSe;, which
was in line with the EIS results for the sodium counterpart (Fig. 6). The
trend could also be observed in the Nyquist plots for the 1st, 10th and
150th cycle. R values of Coral MoSey-GC@N—C, Coral MoSe,-GC mi-
crospheres, and bare MoSe; for the 150th cycle were 1578, 2416, and
4715 Q, respectively. The SEM images of the microspheres after 150
cycles at 1.0 A g1 are presented in Fig. S22(e-g). The spherical
morphology of Coral MoSe-GC@N—C microspheres were well retained
even after 150 cycles, which can explain why the R values for the 10th
and 150th cycles were similar. Coral MoSe,-GC microspheres experi-
enced some structure destruction during repetitive cycles, leading to an
increase in R¢. The structure of bare MoSe; was completely collapsed
during cycling and formed bulky agglomerates, which resulted in very
high R value after 150 cycles. Overall, the results suggest that Coral
MoSey-GC@N—C microspheres characterized by 3D interconnected
pore structure composited with GC, to which PDA-derived N-doped C is
coated provides high structural integrity and electrical conductivity,
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which led to high electrochemical properties when applied as anodes for
both SIBs and PIBs.

4. Conclusions

In this study, coral-like porous microspheres comprising PDA-
derived N-doped C-coated MoSe; composited with GC (Coral MoSes-
GC@N—C) were prepared from a facile spray pyrolysis process, seleni-
zation heat-treatment, and subsequent N-doped C coating. The 3D
interconnected porous microspheres effectively alleviated the volume
changes and allowed facile penetration of the electrolyte into the
nanostructure. Small-sized MoSe, nanosheets with enlarged interlayer
spacing composited with GC were further coated with N-doped C, which
enabled rapid transfer of electrons through dual carbon coating
configuration, leading to fast redox kinetics. Owing to these features,
when applied as anodes for both SIBs and PIBs, the microspheres
exhibited structural robustness and high rate capability. In particular,
the anode could deliver high capacities at current densities of 25 A/g
and 10 A/g for SIBs and PIBs, which well demonstrates that this strategy
is advantageous in achieving good electrochemical properties at high
charging rate. This strategy may pave the way towards the development
of 3D porous microspheres with desired composition coated with
conductive carbon matrix for various energy-related applications.
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