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A B S T R A C T

This study explores the integration of a highly porous and conductive N-doped carbonaceous framework (P–N–C) 
with ultrafine molybdenum carbide (Mo2C) catalysts and utilized it as an outstanding cathode host for Se 
infiltration (Se@P–N–C@Mo2C). The one-dimensional (1D) porous structure is obtained by typical electro
spinning, followed by carbonization. The complete thermal decomposition of the elongated polystyrene phase 
generates 1D continuous macroporous tunnel-like channels, and subsequent potassium hydroxide (KOH) acti
vation induces micropore formation. The macroporous channels facilitate easy electrolyte percolation, ensuring 
smooth and rapid electron/ion diffusion by decreasing the diffusion length and accommodating undesirable 
volume perturbations. The KOH-induced micropores enable the efficient infiltration of high Se amounts. Addi
tionally, N-doping in the carbon species enhances the electronic conductivity of the nanostructure. The ultrafine 
Mo2C catalysts facilitate the efficient trapping and electrocatalytic conversion of Na/K–polyselenide species via 
an electrophilic coupling interaction between Moδ+ and Se2−

x in Mo2C and Na2Sex or K2Sex species, respectively, 
thereby enhancing active-material utilization. Consequently, the cell comprising the Se@P–N–C@Mo2C cathode 
exhibits high-rate capability (up to 10.0C) and long-term cycling stability at 0.5C and 1.0C (400 cycles each), 
when tested for Na-ion storage. Similarly, a high and stable discharge capacity, 235 mA h g− 1 (87 % retention, 
220 cycles), is observed at a C-rate of 1.0C in K-ion storage. As an anode in full-cell configuration, the 
Se@P–N–C@Mo2C electrode achieves reversible Na/K-ions insertion/de-insertion, highlighting its suitability for 
commercial applications.

1. Introduction

Lithium–sulfur (Li–S) batteries are considered suitable alternatives 
to the existing Li-ion batteries mostly because of their high theoretical 
discharge capacity (1675 mA h g− 1), high gravimetric (2600 Wh Kg− 1) 
and volumetric (2800 Wh L− 1) energy densities, inexpensiveness owing 

to S abundance, and considerable discharge potential (~2.1 V) vs. Li/Li+

[1–4]. However, the parasitic electrochemical reactions between S and 
it’s discharge product (i.e., Li2S) cause severe cell issues, such as high 
active-material loss, poor Coulombic efficiency (CE), safety issues, and 
inferior cycling performance [5–8]. Selenium (Se), which is in the same 
group as S on the periodic table, represents a potential alternative owing 
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to its similar electrochemical properties to those of S. Moreover, Se ex
hibits numerous other advantages over S, such as considerable theo
retical discharge capacity (675 mA h g− 1), comparable volumetric 
capacity (3253 mA h cm− 3), high electrical conductivity (~10− 2 S m− 1), 
and low side reactions attributed to its lower reactivity than S [9–11]. 
However, similar to their S-based counterparts, Se-based batteries also 
suffer from Li polyselenide (LiPSe) diffusion in the charge–discharge 
process [12]. Consequently, numerous studies have focused on 
enhancing the rate and cycling performance of the Li–Se battery system 
using advanced cathode hosts, such as microporous carbon [13], three- 
dimensional (3D) mesoporous carbon/graphene carbon [14], hollow 
carbon microspheres [15], N-doped carbon aerogels [16], heteroatom- 
doped microporous carbon [17], porous carbon microcubes [18], and 
graphitized porous carbon [19].

Similar to Li, sodium (Na) and potassium (K)-based Se (Na–Se and 
K–Se) batteries are attracting considerable attention mainly because of 
the similar conversion reactions involving Se as an active cathode 
[19,20]. Additionally, the natural abundance of Na and K precursors 
compared with Li decreases the effective cost of the cell [21–23]. 
However, bulk Se particles cannot be directly applied to Na/K–Se bat
teries because of the low active-material utilization and poor electro
chemical performance. Moreover, the rapid capacity fading of Na/K–Se 
batteries is mainly attributed to the large ionic radii of Na and K, which 
cause slight sluggish diffusion kinetics, volume variation of Se, and the 
shuttle effect of high-order Na– and K–polyselenides (PSes) during the 
charge/discharge process [24]. Correspondingly, numerous carbon 
composite cathodes have been investigated as hosts for the Na/K–Se 
system similar to Li–Se [19,25–32]. However, most of the composites 
utilize carbon hosts which are sp2-hybridized graphitic carbon and ex
hibits graphenic nanodomains that contribute high electronic conduc
tivity [19]. Moreover, the complete confinement of PSes cannot be 
achieved because of the nonpolar nature of carbon. Further, most 
graphitized carbon hosts lack sufficient porosity to buffer volume breath 
and facilitate electrolyte infiltration [33]. Overall, poor interaction be
tween the nonpolar carbon host and polar PSe molecules causes active- 
material loss, resulting in inferior electrochemical performance. 
Notably, only a few reports to date have utilized electrocatalysts to 
efficiently convert PSe species. For instance, Cakan et al., investigated 
cubic Mn2O3 as an electrocatalyst for the Na–Se system, demonstrating 
superior rate capabilities [34]. Likewise, Manthiram et al., reported N- 
doped Fe3C as an efficient polyselenide reservoir for high-performance 
Na–Se batteries [35]. These studies highlight the effectiveness of elec
trocatalysts in improving battery performance. However, most previous 
reports have focused on carbon-selenium composites, indicating signif
icant room for further research and development in this area of elec
trocatalysts for converting PSes.

Here, we investigate a unique one-dimensional (1D) nanofiber (NF) 
architecture with a hierarchical porous structure. This architecture 
comprises polystyrene (PS)–derived continuous longitudinal tunnel-like 
channels and well-implanted ultrafine molybdenum carbide (Mo2C) 
catalysts within an N-doped carbon (N–C) framework (P–N–C@Mo2C 
NFs). This porous and highly conductive host was employed as a robust 
Se host (Se@P–N–C@Mo2C NFs) to enhance the high-rate and long 
cycling performances of Na/K-ion batteries. The porosity of the 1D 
polyacrylonitrile (PAN)-derived carbon NFs involves in-situ and ex-situ 
processes. In the in-situ process, i.e., carbonization, the electric 
field–induced island-shaped PS phase (formed during electrospinning) 
decomposed into hollow macropore-type continuous channels, whereas 
the potassium hydroxide (KOH)-derived micropores were introduced 
into the nanostructure in the ex-situ process. This bimodal strategy 
contributes to the overall enhancement of electrochemical properties 
through several means, including: (1) ensuring efficient electrolyte 
penetration along with effective volume accommodation owing to the 
presence of porous channels, (2) high active-material infiltration mainly 
governed by the micropores, (3) robust electrode integrity by mitigating 
the pulverization effect, and (4) facilitating the confinement of PSe 

species within the micropores, thus inhibiting the shuttling process. 
Furthermore, the ultrafine Mo2C catalysts, which are formed during 
KOH activation, are also used as active chemisorption sites. Notably, 
Mo2C exhibits high electronic conductivity, reaching ~102 S cm− 1 [36]. 
This property plays a pivotal role in supporting rapid charge transfer in 
electrocatalytic conversion processes. Moreover, the availability of 
various Mo valence states, such as Mo4+ and Mo6+, further facilitates the 
conversion rates of Na/K–PSes by enhancing electrophilic interactions 
[37]. The capability of ultrafine Mo2C catalysts to accelerate electro
catalytic conversion is instrumental to mitigating PSe diffusion toward 
the anode, thereby improving active-material utilization during pro
longed cycling. Furthermore, N-doping in the PAN-derived carbon 
framework primarily enhances the overall electronic conductivity of the 
nanostructure due to high electronegativity of N compared with C, and 
this benefits the realization of faster redox kinetics [38]. The synergy 
between the hierarchical porous, highly conductive, and polar material 
guarantees structural robustness, which eventually benefits the reali
zation of superior rate and cycling performances. To the best of our 
knowledge, no reports available in the literature for analyzing the 
electroctalytic performance of Mo2C species in highly reversible Na/ 
K–Se battery systems.

Based on the aforementioned structural advantages, the Se- 
infiltrated sample, denoted as Se@P–N–C@Mo2C NFs, demonstrates 
exceptional high-rate performance (up to 10.0C) and prolonged cycling 
stability and longevity, withstanding 400 cycles at 0.5 and 1.0C-rates, 
when applied to Na-ion batteries. Similarly, as a K-ion cathode, 
Se@P–N–C@Mo2C NFs demonstrate considerable rate capability (up to 
2.0C) and satisfactory cycling performance (78 % and 87 % retention at 
0.1 and 1.0C, respectively). Even in a full-cell configuration, the elec
trode demonstrates reversible Na/K-ion intercalation/deintercalation, 
underscoring its suitability for commercial applications. These ad
vancements (regarding the structural design and electrochemical per
formance) significantly enhance our understanding of advanced 
nanostructures and their wide application range.

2. Experimental section

2.1. Materials synthesis

One-dimensional P–N–C@Mo2C NFs were prepared via a multistep 
process involving conventional electrospinning, carbonization, and 
KOH activation. Briefly, 0.24 M bis(acetylacetonato)dioxomolybdenum 
(VI), (C5H7O2)2MoO2 (Thermo Fisher Scientific; >97 %, Mw = 326.15), 
was first dispersed in 25 mL of N,N-dimethylformamide (DMF, Samchun 
Chemicals, 99.5 %) with continuous stirring. Subsequently, 1.0 g of PS 
(Sigma-Aldrich, Mw = 192,000) was added to the solution. Finally, 2.0 g 
of PAN (Sigma-Aldrich, Mw = 150,000) was added to this solution as the 
carbon source and stirred overnight to ensure the homogeneous 
dispersion of the constituent species. Thereafter, the colloidal solution 
was loaded into a plastic syringe pump (12 mL) fitted with a 21-gauge 
stainless-steel needle and ejected at a speed of 1.0 mL h− 1. The as- 
spun fibers were collected onto a rotating drum (180 rpm) covered 
with Al foil, which was set at a distance of 18 cm from the tip of the 
needle. The applied voltage between the collector and needle was fixed 
at 20 kV. Next, the as-spun composite fibers were stabilized in the air for 
12 h at 150 ◦C, after which they were carbonized at 800 ◦C for 5 h at a 
heating rate of 5 ◦C min− 1 under a N2 atmosphere. Afterward, the 
carbonized fibers were mixed with KOH (Samchun Co.) in a 1:2 mass 
ratio using pestle/mortar, followed by heat-treatment-induced activa
tion for 1 h at 800 ◦C and a ramp rate of 5 ◦C min− 1 in an N2 atmosphere. 
Next, the fibers were washed several times with distilled water, after 
which they were dried. Hereafter, the product is denoted P–N–C@Mo2C 
NFs. Thereafter, the obtained powders were physically mixed with 
elemental Se (Sigma-Aldrich, 99.99 %) in a 1:2 mass ratio and subjected 
to a two-stage selenization process in an N2 atmosphere at a heating rate 
of 5 ◦C min− 1. In the initial step, which was performed at 260 ◦C for 12 h, 
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Se impregnation proceeded within the micropores of the nanostructure, 
whereas the heat treatment at 350 ◦C for 1 h facilitated the removal of 
the Se species on the surface. Furthermore, a sample without Mo-salt 
was prepared by a similar process, as aforementioned, followed by Se 
infiltration. This sample was denoted as Se@P–N–C NFs.

2.2. Synthesis of Na3V2(PO4)3/carbon (NVP/C) composite

The Na3V2(PO4)3/carbon (NVP/C) composite was prepared using a 
spray drying process, with post-treatment under an H2/Ar atmosphere. 
The spray solution was prepared by dissolving sodium carbonate mon
ohydrate (Na2CO3⋅H2O, Samchun), ammonium vanadate (NH4VO3, 
Samchun), and ammonium dihydrogen phosphate (NH4H2PO4, Junsei) 
in a molar ratio of 3:4:6, in water. 15 % excess sodium carbonate 
monohydrate was added to compensate for salt evaporation. The total 
molar concentration of the solution was 0.15 mol dm− 3. Dextrin 
((C6H10O5)n, Samchun) was added to the solution (15 g dm− 3). A two- 
fluid nozzle was used as an atomizer, at a pressure of 2.4 bar. The 
temperatures of the inlet and outlet of the spary dryer were fixed at 
300 ◦C and 110 ◦C, respectively. The spary-dried powders were post- 
treated at 800 ◦C for 5 h under 10 % H2/Ar gas atmosphere.

2.3. Characterization techniques

The crystal structure of the synthesized nanofibers was determined 
using a Bruker X-ray diffraction instrument (D2, 2nd generation) 
equipped with Cu Kα radiation (λ = 1.5418 Å). Morphological analyses 
were conducted using field-emission scanning electron microscopy 
(FE–SEM, Zeiss) and field-emission transmission electron microscopy 
(FE–TEM) (JEM-2100F; JEOL) at the Korea Basic Science Institute 
(Daegu). High-Angle Annular Dark-Filed Scanning Transmission Elec
tron Microscopy (HAADF–STEM) imaging technique was used to obtain 
further morphological characteristics of ultrafine Mo2C nanocrystals. 
Thermogravimetric analysis (TGA) was performed in an air atmosphere 
from 25 to 800 ◦C at a ramp rate of 10 ◦C min− 1. The bonding states and 
chemical environments of the different elements within the prepared 
powders were determined using X-ray photoelectron spectroscopy (XPS) 
(K-Alpha; Thermo Scientific) with an Al Kα X-ray source. The specific 
surface area and pore size distribution of the synthesized powders were 
determined using N2 adsorption–desorption isotherms, with calcula
tions based on the Brunauer–Emmett–Teller (BET) method. Elemental 
analysis (EA) was employed to quantify the carbon and nitrogen content 
of the samples. The crystalline characteristics of the carbonaceous 
products in the prepared microspheres were studied using Raman 
spectroscopy (LabRam, HR800, Horiba Jobin-Yvon).

2.4. Electrochemical measurements

The electrochemical properties of the samples were measured using 
2032-type coin cells. The working electrodes composed of active ma
terial, conductive carbon (Super-P), and sodium carboxymethyl cellu
lose as a binder in a mass ratio of 8:1:1 was prepared using a slurry 
casting method on an Al foil, which were subsequently dried overnight 
at 60 ◦C in a hot air oven. The circular electrodes (ϕ = 14 mm) with a 
mass loading of ~1.0 mg cm− 2 (active material mass = 0.72 mg) were 
punched and transferred inside the glovebox. The Na/K metal and 
Whatman glass fiber (GF) were used as the counter electrode and 
separator, respectively. The electrolyte used was 1.0 M NaClO4 in a 
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) with a 
volume ratio of 1:1. For K–ion storage investigations, 0.7 M KPF6 in EC: 
DEC was used as electrolyte. The electrochemical performances of the 
samples were evaluated using CV, charge–discharge testing, and EIS. 
The voltage window throughout the electrochemical tests was fixed at 
0.5–3.0 V. The CV measurements of the samples were performed at 
various scan rates ranging from 0.1–1.0 mV s− 1. The charge–discharge 
testing of the samples was conducted at various current rates from 0.1 to 

10.0C for Na–Se cells and 0.1 to 2.0C for K–Se cells. The C–rate was 
determined by equating 1C to 675 mA h g− 1. Galvanostatic Intermittent 
Titration Technique (GITT) was performed by applying a current pulse 
at 0.1C-rate for 10 min followed by relaxation for 1 h. The EIS data of the 
samples were collected in the frequency range of 100 kHz–0.01 Hz using 
the signal amplitude of 10 mV. The electrochemical performance of 
NVP/C as the cathode material in half–cells was investigated within a 
voltage window of 2.0–4.25 V. The electrodes were prepared using 
slurry casting method (8:1:1 mass ratio of active material, Super P as 
conductive carbon, and PVDF as binder) on Al current collector with an 
average loading of approximately 1.8 mg cm− 2. Metallic–Na was used as 
counter electrode, and the C–rate was defined by setting 1C equivalent 
to 117 mA h g− 1. The cycling performance assessment was conducted 
with a C–rate of 0.5C. Likewise, the electrochemical performance of 
K0.5Mn0.8Co0.1Ni0.1O2 (KMCNO) microcuboids as the K–ion cathode in 
half–cells was investigated within a voltage window of 1.5–4.0 V. The 
KMCNO microcuboids as cathode was prepared using previous report 
[39]. Metallic–K was used as counter electrode. The rate capability tests 
were examined at various current density ranging from 10 to 100 mA 
g− 1, whereas the cycling test was conducted at a current density of 20 
mA g− 1. Na–ion full cells were assembled by incorporating 
Se@P–N–C@Mo2C as the anode and NVP/C as the cathode separated by 
GF, with a fixed voltage window of 0.5–3.8 V. The cycling performance 
was evaluated at a C–rate of 0.1C. Noteworthy is the pre-assembly step, 
where the half–cell featuring Se@P–N–C@Mo2C anodes underwent a 
single charged/discharged cycle at 0.1C–rate. The recovered sodiated 
anode, carefully handled within a glove box, was then employed in the 
assembly of the full cell. Moreover, the active material loading in the 
cathode and anode electrodes was adjusted to achieve a negative/pos
itive (N/P) ratio of 1.0. Similarly, K–ion full–cells were also assembled 
using Se@P–N–C@Mo2C as the anode and KMCNO as the cathode 
separated by GF, with a fixed voltage range of 0.5–3.7 V. The cycling 
performance was evaluated at a current density of 20 mA g− 1 in 1.0 M 
KPF6 dissolved in 1, 2 dimethoxyethane (DME). The N/P ratio for full 
cell was adjusted to 1.1.

2.5. Computational methodology

Spin-polarized DFT calculations were performed using the Vienna 
Ab-initio Simulation Package (VASP) [40–43]. These calculations 
employed projected-augmented wave (PAW) pseudopotentials and the 
Perdew–Burke–Ernzerhof (PBE) exchange–correlation functional with 
the generalized gradient approximation (GGA) to describe core–valence 
interactions [44,45]. A plane-wave cutoff energy of 520 eV was 
employed [46]. To prevent interactions between different nearest 
neighboring layers, a vacuum space of 20 Å was introduced along the Z- 
direction. Brillouin zone sampling was implemented using a Γ-centered 
Monkhorst-Pack with k-mesh of 9 × 9 × 4 for Mo2C bulk calculations, 
and 2 × 4 × 1 k-point grids for (6 × 3) Mo2C(101) surface calculations, 
respectively [47]. The adsorption energy of polyselenides such as Se8, 
Na2Se6, Na2Se4, and Na2Se on the (6 × 3) Mo2C(101) surface was 
calculated using following equation: 

Eads = Eadsorbate@surface − Esurface − Eadsorbate (1) 

Here, Eadsorbate@surface represents the total energy of the adsorbate adsor
bed surface, Esurface represents the energy of the surface slab, and Eadsorbate 

is the energy of adsorbate, respectively. A more negative adsorption 
energy corresponds to a stronger binding between the adsorbate and the 
catalytic surface, rendering Eads valuable for characterizing activity 
trends and relative energetics.

S.W. Cho et al.                                                                                                                                                                                                                                  Chemical Engineering Journal 512 (2025) 162456 

3 



3. Results and discussion

3.1. Physical characterization of the prepared powders

The as-spun fibers, which were stabilized at 150 ℃, were subjected 
to comprehensive analysis for morphological and phase determinations. 
The continuous fibrous morphology of the stabilized fibers, depicted in 
Fig. 1a through field-emission scanning electron microscopy (FE-SEM) 
micrograph, exhibited an average diameter of ~1.0 µm and smooth fiber 
surface, indicating the effective confinement of all constituents within 
the fiber. The cross-sectional image (Fig. 1b) displayed the uniform 
dispersion of Mo-salt as well as elongated PS within the PAN polymer. 
Notably, the different solubility degrees of the PS component compared 

with those of PAN in a DMF solvent facilitated the formation of an atoll- 
like shape, which stretched under a high electric field in the spinning 
process [48]. The X-ray diffraction (XRD) pattern (Fig. 1c) revealed the 
amorphous nature of the stabilized NFs, with a distinct peak at 
approximately 2θ = 16.7◦, which was attributed to the PAN polymer. 
Subsequently, the stabilized Mo-salt/PS/PAN composite fibers under
went carbonization at 800 ◦C in the N2 atmosphere (Fig. 1d–f). The FE- 
SEM micrograph (Fig. 1d) indicated the preservation of the fibrous 
morphology (albeit with a decreased average diameter of ~0.8 µm due 
to NF shrinkage during the high-temperature treatment) attributed to 
the removal of highly volatile constituents, such as the elongated PS 
phase. Notably, PAN transformed into an N-doped carbonaceous species 
(N–C) during carbonization, facilitated by the N-rich organic units 

Fig. 1. FE–SEM and XRD pattern of the (a–c) as-spun Mo-salt/PS/PAN composite fibers stabilized at 150 ◦C and (d–f) P–N–C@Mo NFs obtained after carbonization of 
stabilized composite fibers at 800 ◦C in an N2 atmosphere: (a, d) FE–SEM images, (b, e) cross-sectional FE–SEM images, and (c, f) XRD patterns.

S.W. Cho et al.                                                                                                                                                                                                                                  Chemical Engineering Journal 512 (2025) 162456 

4 



[–(C3H3N)–] within the PAN polymer. The high-magnification FE-SEM 
cross-sectional image (Fig. 1e) revealed the presence of long-range 
porous tunnels along the fiber length, which were formed by the com
plete thermal decomposition of the elongated PS phase during carbon
ization. Additionally, the micrograph emphasized numerous macro- 
sized openings within NF. These continuous longitudinal tunnels facil
itated the efficient electrolyte infiltration and decreased the effective 
diffusion length of the charged species. The porous characteristics 
contributed significantly to the enhancement of the overall electro
chemical performance. The XRD pattern (Fig. 1f) displayed broad peaks 
that are associated with the pristine Mo phase (Cubic crystal; Fm3m 
space group), with ultrafine morphological characteristics. Additionally, 
a broad peak at approximately 2θ = 23.9◦ was linked to PAN-derived 

carbonaceous species in the nanostructure. Overall, the carbonization 
process yielded a porous, N-doped carbon framework with well- 
embedded ultrafine Mo catalysts, hereafter referred to as P–N–C@Mo 
NFs.

The obtained P–N–C@Mo NFs were subsequently treated with KOH 
at 800 ◦C. This step is crucial to the formation of micropores within the 
carbonaceous framework, a necessity for achieving high active-material 
loading (Se in this case). The FE-SEM micrograph (Fig. 2a) revealed that 
the porous morphology remained intact even after KOH activation. The 
magnified FE–SEM micrograph (inset of Fig. 2a) indicated that the 
porous longitudinal channels also maintained their form. Unexpectedly, 
the XRD pattern (Fig. 2b) displayed a high-intensity broad peak at 2θ =
21.9◦ related to the carbonaceous framework, flanked by diffraction 

Fig. 2. FE–SEM, XRD, and TEM results of the (a–g) P–N–C@Mo2C and (h–n) Se@P–N–C@Mo2C NFs: (a, h) FE–SEM images, (b, i) XRD patterns, (c, d and j, k) TEM 
images, (e) HAADF–STEM and (l) HR–TEM images, (f, m) SAED patterns, and (g, n) elemental mapping images.
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peaks corresponding to the Mo2C phase (Hexagonal crystal; P63/mmc 
space group), instead of pure Mo (as shown in Fig. 1f). The conversion of 
the Mo2C from Mo phase was mainly induced by KOH, which acted as a 
catalyst or reactive agent to decrease the formation energy of Mo2C 
[49]. The transmission electron microscopy (TEM) images (Fig. 2c and 
d) confirmed the presence of porous longitudinal tunnels (highlighted 
by arrows), which were formed by the thermal decomposition of the 
elongated PS phase. These continuous channels support the fast diffu
sion of charged species by lowering the effective diffusion length while 
enhancing electrolyte infiltration within the sample. The HAADF–STEM 
image in Fig. 2e reveals the presence of numerous ultrafine nanocrystals 
well-embedded within amorphous carbonaceous framework. The 
elemental dot mapping image (Fig. S1) obtained through HAADF–STEM 
reveals that the uniformly distributed nanocrystals are mainly Mo- 
species thus confirming the formation of Mo2C. Selected-area electron 
diffraction (SAED) pattern in Fig. 2f also shows diffraction rings corre
sponding to the amorphous carbonaceous species only thus revealing 
presence of thick carbonaceous species around Mo2C nanocrystals. The 
mapping images (Fig. 2g) revealed the uniform dispersion of C, N, and 
Mo elements, suggesting the formation of ultrafine Mo2C crystals in N- 

doped carbonaceous framework (labeled as “P–N–C@Mo2C” NFs). 
Moreover, no K-related impurities were seen, suggesting complete 
removal during repeated washing. The KOH-activated P–N–C@Mo2C 
NFs were further employed as a host material for Se infiltration via 
selenization process. Fig. 2(h-n) summarizes the physical characteriza
tion of the Se-infiltrated P–N–C@Mo2C (hereafter referred to as 
Se@P–N–C@Mo2C NFs). The FE–SEM micrograph (Fig. 2h and inset) did 
not reveal any significant changes in the 1D porous morphology, as the 
porous longitudinal tunnel-like channels remained intact. The XRD 
pattern (Fig. 2i) displays similar diffraction peak characteristics as 
observed in Fig. 2b, with peaks corresponding to the amorphous 
carbonaceous species and Mo2C catalysts. Notably, the peak corre
sponding to the carbon matrix broadens, primarily due to the filling of Se 
[14]. Besides, no additional peaks related to bulky Se deposits were 
observed, indicating the amorphous nature of the Se with complete 
impregnation into the micropores. This observation aligns well with 
previous reports on Se infiltration [9,12–15]. This is further explained in 
detail using Raman data discussed later. Additionally, the TEM images 
(Fig. 2j) corresponded well with the FE–SEM results, with no observa
tion of bulky Se deposits. This observation is more evident from the 

Scheme 1. Detailed illustration of the formation mechanism for Se@P–N–C@Mo2C NF via multistep process including electrospinning (1-①), carbonization (1-②), 
and KOH activation (1-③), followed by melt-diffusion for selenium impregnation (1-④).
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high-magnification TEM image (Fig. 2k), which revealed that the porous 
channels (highlighted by arrows) have become less opaque. The 
HR–TEM image (Fig. 2l) also confirmed the absence of any crystalline 
fringes, indicating the amorphous nature of the impregnated Se, which 
corresponded well to the XRD pattern (Fig. 2i). The SAED pattern 
(Fig. 2m) further revealed diffraction rings that corresponded to the 
amorphous carbonaceous species. The elemental dot maps (Fig. 2n) 
revealed the homogenous dispersions of the C, N, Mo, and Se elements in 
the 1D framework, indicating the efficacious synthesis of 
Se@P–N–C@Mo2C NFs. The high concentration and low density of C 
and N, respectively, in the sample correlated well with the elemental 
analysis (EA) results (Table S1), indicating ~28 wt% of C and 0.68 wt% 
of N. Furthermore, the sparse distribution of Mo suggests a low content. 
To verify this, a thermogravimetric (TG) curve was obtained for 
Se@P–N–C@Mo2C NFs in an air atmosphere (Fig. S2). The residue after 
700 ◦C was ~7.4 wt%, indicating the presence of Mo species within the 
prepared nanostructure. Additionally, the dot mapping images 

corresponding to the Se element indicated its considerable proportion in 
the prepared sample. The TG curve (Fig. S3) revealed that the Se content 
impregnated in Se@P–N–C@Mo2C was ~58 wt%.

The synthesis process of Se@P–N–C@Mo2C NFs involves a multi-step 
procedure, as systematically depicted in Scheme 1. Initially, as-spun 
composite fibers are formed, containing uniformly distributed Mo-salt 
and atoll-like PS phase within a PAN matrix (Scheme 1-①). The as- 
spun composite fibers are then stabilized at 150 ◦C under ambient 
conditions, followed by carbonization at 800 ◦C (Scheme 1-②). During 
carbonization, the atoll-like PS phase completely decomposes, forming 
tunnel-like marcoporous channels along the fiber length. Simulta
neously, the PAN matrix carbonizes to form a nitrogen-rich carbona
ceous (N–C) framework. Additionally, the Mo-salt reduces to pure 
metallic-Mo catalysts, homogeneously distributed within the N–C 
framework. The presence of the carbon matrix surrounding the Mo 
catalysts restricts grain growth and prevents aggregation, thus resulting 
in the formation of ultrafine Mo catalysts. Consequently, the 

Fig. 3. XPS analysis of Se@P–N–C@Mo2C NFs: (a) Mo 3d deconvoluted XPS, (b) Se 3d deconvoluted XPS, (c) C 1s deconvoluted XPS, (d) N 1s and Mo 3p decon
voluted XPS; (e) N2 adsorption–desorption isotherms, and (f) BJH pore-size distribution of nanofibers at different stages of synthesis.
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carbonization step yields one dimesional, porous, and N-rich carbon 
nanofibers comprising well-embedded ultrafine metallic-Mo catalysts 
(P–N–C@Mo NF). The obtained carbonized NFs underwent a chemical 
activation process using KOH (Scheme 1-③), followed by washing. This 
step guarantees the formation of micropores within the N–C framework, 
along with mesopores, which subsequently aids in high active-material 
impregnation. Additionally, the KOH treatment facilitates the phase 
conversion from ultrafine metallic-Mo to Mo2C catalyst, resulting in the 
formation of P–N–C@Mo2C NF. Finally, the Se impregnation step is 
performed using elemental Se and P–N–C@Mo2C NF in a 2:1 mass ratio, 
heated at 260 ◦C and following 350 ◦C in an N2 atmosphere, to fill the 
micropores with Se (Scheme 1-④). This step resulted in the formation of 
Se-impregnated highly porous and N-rich NFs, comprising uniformly 
distributed ultrafine Mo2C catalysts (Se@P–N–C@Mo2C NF). The 
porous structure ensures enhanced structural integrity, efficient diffu
sion of charged species (magnified Scheme 1-④), better electrolyte 
percolation, and effective volume accomodation, crucial for improved 
electrochemical performance.

The valence state and surface compositions of the various elements 
in Se@P–N–C@Mo2C NFs were characterized by X-ray photoelectron 
spectroscopy (XPS). The XPS survey spectrum (Fig. S4) displayed 
distinct photoelectron peaks corresponding to N 1s, C 1s, Mo 3d, and Se 
3d. The intense peak corresponding to the Mo 3d profile at 230.1 eV 
(Fig. 3a) was delineated into two well-separated peaks at 229.3 and 
230.9 eV, corresponding to the Mo 3d5/2 and Mo 3d3/2 orbitals, 
respectively. These peaks were attributed to the characteristic spin 
doublet associated with the Mo2+ species inherent to β-Mo2C [50]. 
Additionally, the peak pairs presents at 230.0/232.4 and 232.1/235.3 
eV were attributed to the Mo4+ and Mo6+ states, respectively, in MoO2 
and MoO3, indicating the surface oxidation of the Mo2C nanocrystals 
during the analysis [51,52]. Further, the less distinct peak at 232.1 eV 
was attributed to the metalloid Se (Se 3s) infiltrating the nanostructure 
during selenization [53,54]. The deconvoluted Se 3d spectrum (Fig. 3b) 
revealed two prominent peaks at 54.9 and 55.8 eV, corresponding to the 
Se 3d5/2 (terminal Se; Se− 1

T ) and Se 3d3/2 (bridge Se; Se0
B) orbitals, 

respectively [2,53]. Furthermore, a broad, lower-intensity peak at 58.3 
eV was associated with the Se–C species, indicating the interaction be
tween the infiltrated Se and carbon species [54]. The absence of a Se–C 
peak in the XPS spectrum of the elemental Se powder (Fig. S5) firmly 
confirmed the above observation. In the deconvoluted C 1s spectrum 
(Fig. 3c), five well-resolved peaks were observed at 283.4, 284.1, 284.9, 
286.3, and 288.3 eV, corresponding to the –C–Mo–, sp2-bonded –C––C–, 
sp3-bonded –C–N/C–C–, CO, and –C––O– species, respectively 
[38,48,50,55]. The highest intensity of the –C––C– peak corresponded to 
a significant proportion of the carbonaceous species within the nano
structure [56–58]. Additionally, the presence of the –N–C– peak 
confirmed N-doping in the carbonaceous framework [59–61]. N-doping 
substantially enhanced the electronic conductivity of the nanostructure 
due to the high electronegativity of nitrogen [62–64]. The deconvoluted 
N 1s spectrum (Fig. 3d) corroborated the above observations. The 
spectrum displaying well-fitted peaks at 390.4, 394.1, 397.7, 400.3, 
406.5, and 415.3 eV, attributed to Se (LMM) Auger electrons from Se 
metalloid, Mo 3p3/2 species, –Mo–N species, pyridinic N, –Se–N species, 
and Mo 3p1/2, respectively [65–70]. Notably, –Mo–N and –Se–N bonds 
appeared because of the interaction between Mo/Se and N-doped 
carbonaceous species [51,71]. The EA analysis of C and N (Table S1) 
correlated well with the XPS results. To further explore the carbona
ceous structure of the nanostructure, Raman analysis was performed and 
interpreted. The Raman spectrum of Se@P–N–C@Mo2C NFs (Fig. S6a) 
displayed typical D- and G-band signatures at 1347 and 1594 cm− 1, 
respectively. The intensity ratios of both bands (~1.02) confirmed the 
amorphous nature of the carbonaceous species [72]. Additionally, a 
peak at 245 cm− 1 was attributed to the Se–Se bond in the nanostructure 
[12]. Moreover, the magnified Raman spectrum (Fig. S6b) indicated that 
the primary Se peak comprised three closely spaced peaks corresponding 

to ring-Se (r-Se), chain-Se (c-Se), and trigonal-Se (t-Se) at 270.4, 245, 
and 234.0 cm− 1, respectively [12]. Remarkably, the shift of the c-Se 
peak to high wavenumber values compared with elemental Se (Fig. S6e 
and f; 233 cm− 1), along with the significant decrease in the intensity, 
indicates the transformation from crystalline to amorphous Se during 
the impregnation process [14]. This observation is consistent with the 
XRD results presented in Fig. 2i. Furthermore, the substantial peak in
tensity corresponding to c-Se was attributed to a higher degree of short- 
range ordering, a common phenomenon in Se-based nanostructures 
[73]. Additionally, the intense signature of c-Se indicated that a more 
significant amount of active material would participate in redox pro
cesses to ensure superior electrochemical performance. It’s noteworthy 
to mention that the presence of N-doping in the nanostructure, as pre
dicted by EA and XPS, induced beneficial defects that contribute to 
enhancing the performance of the cell. Fig. 3e and f show the changes in 
the surface area (N2 adsorption–desorption isotherms) and Bar
rett–Joyner–Halenda pore-size distribution of the as-prepared NFs at 
different synthesis stages, i.e., before and after KOH activation and after 
Se infiltration. The surface area increased significantly from 45 to 1832 
m2 g− 1 after KOH activation, attributed to a substantial increase in the 
micropore (Fig. S7) and mesopore (Fig. 3f) volumes after KOH treat
ment. Moreover, a drastic decrease in the surface area (74 m2 g− 1) after 
Se impregnation indicated micropore filling. Notably, the effective 
confinement of Se within the micropores impeded the diffusion of Na/ 
K–PSes toward the anode, facilitating high active-material utilization. 
To highlight the structural merits of Se@P–N–C@Mo2C NFs, we pre
pared a comparison sample using a similar synthesis technique but 
without the Mo precursor. Fig. S8 shows the FE–SEM micrographs and 
XRD patterns of the as-spun PAN/PS composite fibers, stabilized at 
150 ◦C along with the carbonized NFs (P–N–C NFs), and followed by the 
relevant discussion. Similarly, Fig. S9 show the physical characteriza
tions and respective discussions on the KOH-treated carbonized NFs 
along with Se-impregnated KOH-treated carbonized (Se@P–N–C) NFs.

3.2. Electrochemical performance of the prepared powders for Na–Se 
batteries

Motivated by the exceptional physicochemical properties, we 
comprehensively explored the inherent energy-storage capabilities of 
Se@P–N–C@Mo2C and Se@P–N–C NFs, and the findings succinctly 
summarized in Fig. 4. The cyclic voltammetry (CV) curves were first 
obtained at a voltage scan rate of 0.1 mV s− 1 and analyzed for the redox 
processes occurring within the cells. The first CV scan (Fig. 4a) within 
the voltage window of 0.5–3.0 V revealed distinct reduction peaks at 
1.98 and 1.09 V for Se@P–N–C@Mo2C contrary to 2.12 and 1.35 V for 
Se@P–N–C NFs. The reduction peaks appearing at the higher voltage 
range for both samples (marked by black and red arrows) were attrib
uted to the transformation of r-Se → c-Se, analogous to the phenomenon 
observed in Li–Se batteries [12]. Notably, the absence of these peaks 
during consecutive redox cycles (Fig. 4b and c) indicated the complete 
transformation from r-Se → c-Se during the first cycle. Furthermore, the 
sharp cathodic peaks in the low-voltage range for both samples were 
linked to the subsequent conversion of c-Se to Na2Se (c-Se + 16Na+ +

16e− → 8Na2Se) [74]. In the anodic scan, a solitary intense peak 
emerged at ~1.76 and 1.89 V, indicating the oxidation of Na2Se into Se 
(xNa2Se → Se + 2xNa+ + 2xe− ), thereby completing the redox cycle. 
Significant changes were observed in the subsequent reduction cycles, 
particularly during the reduction process for the cell employing the 
Se@P–N–C@Mo2C electrodes. Dissimilar to the single sharp cathodic 
peak at 1.09 V in the first cycle, the peak split into two closely spaced 
peaks from the second cathodic scan, indicating a two-step reaction 
process. The shoulder peak at ~1.36 V was attributed to the trans
formation of c-Se, which was formed during the first discharge, into an 
intermediate PSe phase (c-Se + 2Na+ + 2e− → Na2Sen). The primary 
peak at 1.12 V confirmed the further reduction of intermediate PSes 
(Na2Sen) into the final discharge product, i.e., Na2Se (Na2Sen + (2n − 2) 
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Na+ + (2n − 2)e− → nNa2Se). Notably, such a distinct phenomenon was 
not observed for the cell utilizing the Se@P–N–C electrode, and this 
indicated the one-step conversion of c-Se into Na2Se. Remarkably, the 
redox intensity peaks were higher for the Se@P–N–C electrode (Fig. 4c), 
indicating better redox kinetics initially. This could be attributed to 
several factors, including the highly porous structure (Fig. S9) and 
relatively high N content (Table S1) of the sample compared with the 
Se@P–N–C@Mo2C NFs, which facilitated the better diffusion of charged 
species along with faster redox processes. However, the initial 
enhancement of electrochemical performance for the Se@P–N–C elec
trode was not sustained throughout (as will be discussed shortly) and 
decreased drastically at a later stage of electrochemical testing. Addi
tionally, the firmly overlapped and symmetric CV curves indicated the 
occurrence of highly reversible redox processes. Overall, the CV results 
indicated improved redox properties due to the synergistic effects of the 
various components within the prepared nanostructure.

To assess the values of the practical discharge capacity from the CV 
curves–predicted redox processes, Se@P–N–C@Mo2C and Se@P–N–C 
cathodes were subjected to rate-capability tests at diverse current rates 
(C-rates) ranging from 0.1 to 10.0C (Fig. 4d), with 1C being equal to 675 
mA h g− 1. As anticipated by the CV predictions, the cell comprising the 
Se@P–N–C cathode exhibited higher discharge capacities, up to 1.0C, 
which sharply decreased afterward, approaching zero capacity values at 
high C-rates (5.0 and 10.0C). Conversely, the Se@P–N–C@Mo2C cath
ode initially delivered lower discharge capacity values but maintained 
stability even at high C-rates of 5.0 and 10.0C. Correspondingly, the cells 
employing Se@P–N–C@Mo2C and Se@P–N–C cathodes yielded 
discharge capacities of 929/917, 485/694, 435/660, 388/596, 329/ 
468, 286/316, 241/192, 174/101, 139/3, and 46/0 mA h g− 1 at C- rates 
of 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 2.0, 3.0, 5.0, and 10.0C, respectively. When 
the current polarity was switched to 0.1C, Se@P–N–C@Mo2C fairly 
recovered discharge capacity value. The considerably high discharge 

Fig. 4. Electrochemical performance of Se@P–N–C@Mo2C and Se@P–N–C NFs for Na–ion storage: (a) First CV scan comparison at 0.1 mV s− 1, (b) First five CV scans 
for Se@P–N–C@Mo2C NFs at 0.1 mV s− 1, (c) First five CV scans for Se@P–N–C NFs at 0.1 mV s− 1, (d) Rate capability tests at different C–rates ranging from 0.1 to 
10.0C, (e) Galvanostatic voltage profiles for Se@P–N–C@Mo2C NFs at different C–rates, (f) Galvanostatic voltage profiles for Se@P–N–C NFs at different C–rates, (g) 
Cycling performance at a C–rate of 0.5C, and (h) Cycling performance at a C–rate of 1.0C.
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capacities of the Se@P–N–C@Mo2C cathode, particularly at high C- 
rates, can be attributed to several structural merits: (1) the efficient 
confinement of Se within the KOH-derived micropores, thereby sup
pressing the diffusion of PSes toward the anode; (2) the availability of 
1D continuous porous channels, facilitating the smooth diffusion of 
charged species and accommodating large volume fluctuations; (3) 
smooth electrolyte infiltration, effectively wetting the electrode; and (4) 
the availability of chemisorption sites in the form of ultrafine Mo2C 
catalyst, facilitating the effective trapping of PSes within the cathodic 
domain. These observations align with the respective galvanostatic 
charge–discharge (GCD) voltage profiles of the Se@P–N–C@Mo2C 
(Fig. 4e) and Se@P–N–C cathodes (Fig. 4f). The Se@P–N–C@Mo2C 
cathode displayed distinct discharge-voltage plateaus, even at high C- 
rates, demonstrating higher discharge capacities than the Se@P–N–C 
cathode. These results confirm that the synergistic effects of different 
structural properties contributed to the improvement of the electro
chemical properties.

The sustained cycling performance represents a crucial parameter for 
the widespread applicability of the prepared nanostructure. The stable 
cycling performances of the cells featuring Se@P–N–C@Mo2C and 
Se@P–N–C electrodes were analyzed at C-rates of 0.5C (Fig. 4g) and 
1.0C (Fig. 4h). Notably, the cathodes were activated via cycling for two 
cycles at 0.1C. Fig. 4g shows that the cell featuring the Se@P–N–C 
cathode initially delivered high discharge capacity (874 mA h g− 1 for 
first cycle) at 0.5C, although the capacity decreased monotonically to 
366 mA h g− 1 at the end of 35th cycle. Furthermore, the capacity of the 
cell did not stabilize even with further cycling, diminishing to insignif
icant values (14 mA h g− 1) after 400 continuous redox cycles, with an 
exceptionally high average capacity decay rate of 0.24 % per cycle. 
Conversely, the cell featuring the Se@P–N–C@Mo2C cathode initially 
delivered a relatively low discharge capacity of 429 mA h g− 1 when 
cycled at 0.5C. However, with continued cycling, the capacity stabilized 
at an astonishingly high value, 206 mA h g− 1 (48 % retention), after the 
400th cycle. This corresponded to an average capacity decay rate of 
0.12 % per cycle, significantly lower than that of the Se@P–N–C cath
ode. Moreover, the higher CE value, 99.94 %, for the Se@P–N–C@Mo2C 
cathode than 99.58 % for the Se@P–N–C cathode indicated more 
reversible redox processes within the cell. Similarly, cycling stability 
tests conducted at a C-rate of 1.0C revealed similar trends. The cell 
featuring the Se@P–N–C@Mo2C cathode demonstrated much higher 
and stable discharge capacities (192 mA h g− 1 after the 400th cycle with 
52 % retention, 0.11 % decay rate, and 100.21 % CE) compared with the 
Se@P–N–C cathode (52 mA h g− 1 with 10 % retention, 0.22 % decay 
rate, and 99.94 % CE after the 400th cycle). A comparison of the elec
trochemical performance is summarized in Table S2, evidently indi
cating a significant overall improvement. The excellent cycling stability 
of the Se@P–N–C@Mo2C cathode further validated the kinetically 
favored redox processes occurring in the cell, supported by synergistic 
coupling between nanostructure merits.

To further investigate the enhanced redox kinetics within the cell 
featuring the Se@P–N–C@Mo2C cathode, CV, electrochemical imped
ance spectroscopy (EIS), and galvanostatic intermittent titration tech
nique (GITT) were performed to further investigate the enhanced redox 
kinetics within the cell featuring the Se@P–N–C@Mo2C cathode 
(Fig. S11). The CV curves of the Se@P–N–C@Mo2C (Fig. S11a) and 
Se@P–N–C (Fig. S11c) cathodes exhibited single cathodic and anodic 
peaks with considerable current intensities, particularly at high-voltage 
scan rates. However, at elevated voltage scan rates, a considerable in
crease in the hysteresis was observed, and it was attributed to significant 
polarization. Notably, the polarization potential (ΔV) values between 
the cathodic and anodic peaks of the Se@P–N–C@Mo2C cathode at 
voltage scan rates of 0.2, 0.3, 0.5, and 1.0 mV s− 1 were 0.79, 0.88, 0.95, 
and 1.12 V, respectively. Conversely, the ΔV values for the Se@P–N–C 
cathode increased significantly to 0.78, 0.96, 1.10, and 1.40 V, respec
tively, for identical scan rates. This indicated that the presence of the 
ultrafine Mo2C catalyst inhibited electrode polarization, allowing for 

more reversible redox reactions. Besides, the catalyst provided addi
tional chemisorption sites for the efficient catalytic conversion of trap
ped PSe species. Furthermore, both cathodes displayed analogous CV- 
curve shapes, indicating almost similar redox characteristics. The high 
redox intensities observed in the cathodic and anodic scans indicated 
high active-material utilization along with enhanced Na-ion diffusion. 
The diffusion properties within the cells were analyzed by the Rand
les–Sevcik equation, as follows: 

Ip = 2.69 × 105 n1.5 AD0.5
Na+CNaν0.5 (2) 

where the parameters have their usual meanings. The slope of the cur
rent vs. square root of the voltage scan-rate graph (Fig. S11b and d) was 
used to calculate the DNa

+ values. The average DNa
+ coefficient was 

approximately 1.2 times higher for the Se@P–N–C@Mo2C cathode 
(11.2 × 10− 10 cm2 s− 1) than for the Se@P–N–C cathode (9.4 × 10− 10 

cm2 s− 1), indicating better charge-transfer characteristics supported by 
kinetically favored redox processes. To gain deeper insights into the 
redox kinetics, the EIS curves of the cathodes were obtained during 
cycling at a C-rate of 0.5C. The obtained Nyquist plots were fitted with 
various components connected in series and parallel to construct an 
equivalent circuit (Fig. S12). Re, Rct, Q, and Zw represent the electrolyte/ 
solution resistance, charge-transfer resistance, constant-phase element 
of the electrode/electrolyte interphase, and Warburg impedance, 
respectively. The EIS curve (Fig. S11e and f) revealed that the cell 
featuring the Se@P–N–C@Mo2C cathode demonstrated equivalent Rs 
values of 24, 48, 46, 55, and 73 Ω and Rct values of 42, 47, 99, 187, and 
172 Ω after 0 (fresh), 20, 50, 100, and 200 cycles, respectively. 
Conversely, the Se@P–N–C cathode realized much higher Rs values (63, 
50, 76, 98, and 139 Ω, after 0 (fresh), 20, 50, 100, and 200 cycles, 
respectively) and Rct values (98, 148, 238, 339, and 512 Ω, after 
0 (fresh), 20, 50, 100, and 200 cycles, respectively). The smaller elec
trode and Rct of the Se@P–N–C@Mo2C cathode indicated that Mo2C 
functioned as an efficient PSe reservoir, restricting shuttling, reactivat
ing the trapped active materials, and enabling faster electrode reaction 
kinetics as well as a stable electrode interface structure. The GITT re
sults, which were obtained by applying a current pulse at a 0.1C-rate for 
10 min, followed by relaxation for 1 h, are shown in Fig. S11g and h, 
demonstrating that both cathodes exhibited similar voltage changes 
during Na-ion intercalation/deintercalation. Notably, the GITT results 
correlated well with the rate and cycling performance, particularly at 
the initial stage of electrochemical testing. Overall, the redox kinetic 
results explored using stepwise CV scan, EIS measurements during 
cycling, and GITT analysis demonstrated the enhanced charge-transfer 
characteristics of the Se@P–N–C@Mo2C cathode owing to its porous 
and conductive carbonaceous skeleton along with numerous catalytic 
sites for the efficient trapping and conversion of PSe species.

3.3. Electrochemical performance of the prepared powders for K–Se 
batteries

The K-ion-storage properties of the Se@P–N–C@Mo2C and 
Se@P–N–C cathodes were thoroughly analyzed, and the results are 
summarized in Fig. 5. The initial CV scan of the Se@P–N–C@Mo2C/ 
Se@P–N–C cathode (Fig. 5a) displayed three distinct reduction peaks at 
~2.37/2.41 V (conversion of r-Se → c-Se), 1.52/1.46 V (formation of 
K2Se2), and 0.82/0.97 V (formation of K2Se). However, in successive 
cycles (Fig. 5b and c), the peaks corresponding to r-Se → c-Se conversion 
and K2Se2 formation disappeared, indicating a direct process between Se 
and K2Se, without the involvement of an intermediate polyselenide. In 
the reverse scan (Fig. 5a), two anodic peaks were observed at 1.90/1.85 
V (K2Se → K2Se2 conversion) and 2.28/2.21 V (K2Se2 → Sen conversion). 
However, for consecutive cycles (Fig. 5b and c), only single anodic peaks 
were detected, indicating the direct oxidation of K2Se → Se. The first CV 
scan indicated the high irreversible capacity losses for both samples, 
which were primarily attributed to the decomposition of the electrolyte 
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and formation of the cathodic electrolyte interface (CEI) [75]. Further
more, consecutive CV scans of the Se@P–N–C@Mo2C cathode (Fig. 5b) 
exhibited almost overlapping profiles, indicating the excellent revers
ibility of the redox processes. Contrarily, the current intensities of the 
Se@P–N–C cathode (Fig. 5c) decreased continuously, indicating limited 
redox reactions. The CV results predicted the stable and reversible 
electrochemical redox reactions for the Se@P–N–C@Mo2C cathode 
compared with those of the Se@P–N–C cathode. This was further 
confirmed by the rate capability tests (Fig. 5d), which confirmed higher 
discharge capacities for Se@P–N–C@Mo2C than for Se@P–N–C cathode 
at all C-rates, ranging from 0.1 to 2.0C. For instance, the initial discharge 
capacities of the Se@P–N–C@Mo2C/Se@P–N–C cathodes were 834/ 
828, 416/334, 398/182, 366/97, 321/45, 271/17, and 170/0 mA h g− 1 

at 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, and 2.0C, respectively. The comparison of 
the GCD profiles (Fig. 5e and f) justified the higher discharge capacity of 

the Se@P–N–C@Mo2C cathode. Additionally, the position of the char
ge–discharge voltage plateaus agreed well with the CV curves. At high C- 
rates (2.0C), the Se@P–N–C@Mo2C cathode still exhibited distinct 
voltage profiles, whereas the voltage profiles for the Se@P–N–C cathode 
became obscure after 0.5C, indicating the sluggish redox kinetics within 
the cell. These results confirmed that the presence of the ultrafine Mo2C 
catalyst within the nanostructure facilitated the effective trapping and 
electrocatalytic conversion of PSes within the cathodic domain. The 
cycling performance results at 0.1C (Fig. 5g) and 1.0C (Fig. 5h) were in 
good agreement with the rate-capability tests. Notably, the 
Se@P–N–C@Mo2C cathode demonstrated stable cycling at 0.1C- and 
1.0C-rates. Specifically, at a 0.1C-rate, the cell featuring the 
Se@P–N–C@Mo2C cathode exhibited a substantial discharge capacity of 
297 mA h g− 1 (78 % retention from the 3rd cycle). Conversely, the cell 
featuring the Se@P–N–C cathode delivered only 145 mA h g− 1 (34 % 

Fig. 5. Electrochemical performance of Se@P–N–C@Mo2C and Se@P–N–C NFs for K–ion storage: (a) First CV scan comparison at 0.1 mV s− 1, (b) First five CV scans 
for Se@P–N–C@Mo2C NFs at 0.1 mV s− 1, (c) First five CV scans for Se@P–N–C NFs at 0.1 mV s− 1, (d) Rate capability tests at different C–rates ranging from 0.1 to 
2.0C, (e) Galvanostatic voltage profiles for Se@P–N–C@Mo2C NFs at different C–rates, (f) Galvanostatic voltage profiles for Se@P–N–C NFs at different C–rates, (g) 
Cycling performance at a C–rate of 0.1C, and (h) Cycling performance at a C–rate of 1.0C.
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retention from the 3rd cycle) after 80 cycles. Similarly, at a higher C-rate 
of 1.0C, the Se@P–N–C@Mo2C cathode maintained a high and stable 
discharge capacity of 235 mA h g− 1 (87 % retention from the 4th cycle) 
after the 220th cycle. Additionally, a remarkable CE of 100.5 % signified 
the high reversibility of the redox processes. In stark contrast, the cell 
with the Se@P–N–C cathode exhibited significantly lower discharge 
capacities, indicating the non-compatibility of the nanostructure for 
reversible K-ion storage. The results of CV, rate-capability tests, and 
cycling stability further validated the structural superiority of the 
Se@P–N–C@Mo2C cathode. This structural advantage ensured efficient 
charge-transfer properties, effective electrolyte percolation, enhanced 
active-material utilization by inhibiting PSe diffusion, and improved 
redox kinetics. The comparison analysis (Table S3) confirmed that the 
electrochemical results obtained in this study were comparable with 
those previously reported.

The K-ion redox kinetics within the cell featuring the 
Se@P–N–C@Mo2C cathode were further explored by various techniques 
(Fig. S13). The CV curves of Se@P–N–C@Mo2C (Fig. S13a) and 
Se@P–N–C (Fig. S13c) manifested singular cathodic and anodic peaks 
denoted by arrows at each voltage scan rate. Notably, low-intensity 
peaks (highlighted by colored circles) were observed in both cases, 
indicating the formation of the PSe intermediate. However, a nuanced 
analysis revealed a more pronounced formation of PSe intermediates in 
the Se@P–N–C cathodes compared with that in Se@P–N–C@Mo2C. This 
observation indicated that substantial proportions of cycling generated 

intermediate PSes could readily migrate toward the anode owing to the 
absence of electrocatalytic material and the nonpolar nature of the 
carbon framework. This migration caused a significant loss of the active 
material, resulting in inferior electrochemical performance (Fig. 5). 
Furthermore, the high redox intensities of the Se@P–N–C@Mo2C cath
ode in the cathodic and anodic scans indicated superior active-material 
utilization and enhanced K-ion diffusion. The slope of the current vs. the 
square root of the voltage scan-rate graph was analyzed to assess the K- 
ion diffusion characteristics (Fig. S13b and d). The steeper slope of the 
Se@P–N–C@Mo2C cathode revealed more kinetically favored redox 
processes within the cell compared with that of the Se@P–N–C cathode. 
These findings were corroborated by the Nyquist plots obtained for both 
samples during cycling at 1.0C-rate (Fig. S13e and f). The EIS curves 
assigned the lowest Re and Rct values to the Se@P–N–C@Mo2C cathode. 
For instance, after the 50th cycle, the Se@P–N–C@Mo2C cathode cell 
exhibited an Rct value of 138 Ω, whereas the Se@P–N–C cathode cell 
shows a significantly higher Rct (2.3 kΩ), indicating sluggish redox 
processes. Additionally, the GITT results (Fig. S13g and h) mirrored the 
characteristics observed in Fig. S11g and h. These results further vali
dated the improved K-ion redox kinetics and fast charge-transfer char
acteristics of the Se@P–N–C@Mo2C cathode, which are primarily 
attributed to its nanostructure advantages.

Fig. 6. Top and down panels are density functional results depicting interaction between the soluble (a–i) Na–PSes and (j–r) K-PSes with the Mo2C surface: (a–d and 
j–m) Optimized structures of various polyselenide species interacting with Mo2C. (e, n) Bar graph indicating adsorption energies of different polyselenides molecules 
on (6 × 3) Mo2C(101) surface, and (f–i and o–r) Charge density difference (CDD) and excess Bader charge analysis of polyselenide species on (6 × 3) Mo2C(101) 
surface (Atom color: Mo = pink, C = brown, Na = yellow, K = violet and Se = green). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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3.4. Computational insights into the Na/K–PSe adsorption capability

To validate the efficient trapping and electrocatalytic conversion of 
Na/K–PSes by the ultrafine Mo2C catalyst, we performed ab initio mo
lecular dynamic simulations, after which the corresponding adsorption 
energies were calculated. Fig. 6 summarizes the density functional re
sults illustrating the interaction between soluble PSes and the Mo2C 
surface. First, we designed the geometries of bulk Mo2C (Fig. S14a) and 
Se (Fig. S14b), followed by the optimization of the Mo(101) surface. The 
bulk crystal structure of Mo2C comprised two Mo and one C atoms, with 
lattice parameters (a = b = 2.89 Å, c = 5.41 Å, α = β = 90◦, γ = 120◦), 
whereas the bulk Se crystal structure was composed of 32 Se atoms, with 
lattice parameters (a = 9.46 Å, b = 10.40 Å, c = 15.53 Å, α = 90◦, β =
127◦, γ = 90◦). Band structure calculations were executed for the Mo2C 
and Se bulk structures along high symmetry k-points, i.e., (G-M-K-G-A-L- 
H-A-L-M-KH) and (G-Z-D-B-G-A-E-Z-C-Y-G), respectively. The band- 
structure analysis revealed that the bulk Mo2C structure (Fig. S14c) 
exhibited strong electrical conductivity, with a narrow indirect band gap 
of 0.016 eV, bringing the valence band (VB) and conduction band (CB) 
closer to the Fermi level. The bandgap was calculated by the VB 
maximum (VBM) at 0.067 eV located at the k-point (0.3333, 0.3333, 
0.3889) and the CB minimum (CBM) at 0.083 eV located at the k-point 
(0.1667, 0.0000, 0.5000). Similarly, the Se bulk structure (Fig. S14d) 
displayed an indirect bandgap of 1.637 eV, with VBM at − 0.277 eV 
located at the k-point (− 0.2778, 0.0000, 0.2778) and CBM at 1.360 eV 
located at the k-point (0.0000, 0.0000, 0.0000). The (6 × 3) Mo2C(101) 
surface was modeled based on the experimental XRD pattern (Fig. 2i), 
demonstrating the highest intensity peak at approximately 2θ = 40◦. 
Considering the sizes of adsorbates, such as Se8, Na2Se6, Na2Se4, and 
Na2Se, the (6 × 3) Mo2C(101) surface can be best modeled by extending 
the distance to 17.32 and 18.41 Å on the x- and y-axes, respectively, with 
a vacuum space of 20 Å set on the z-axis to minimize periodic image 
interactions in neighboring cells. The adsorption energies of PSes, 
including Se8, Na2Se6, Na2Se4, and Na2Se, on the (6 × 3) Mo2C(101) 
surface were determined to be − 1.54, − 3.46, − 1.75, and − 1.82 eV, 
respectively (Fig. 6a–e). The stronger adsorption energies indicated the 
stable interactions of PSes with the (6 × 3) Mo2C(101) surface, effec
tively restricting the shuttling of the dissolved PSes between the cathode 
and anode. Notably, the obtained adsorption energies were higher than 
those previously reported for a pristine graphite surface, i.e., without 
any polar catalyst [25]. We performed excess Bader charge analyses to 
examine the Bader charge difference, following the adsorption of PSes, 
namely Se8, Na2Se6, Na2Se4, and Na2Se, on the (6 × 3) Mo2C(101) 
surface (positive and negative signs indicating charge gain and loss upon 
adsorption) [76–78]. The redistribution of the charge density on the (6 
× 3) Mo2C(101) surface, following PSe adsorption, is illustrated by the 
isosurface plots of the charge-density difference (Fig. 6f–i) and exam
ined by the following equation: 

Δρ = ρ(Mo2Csur +Polyselenide) − [ρ(Mo2Csur)+ ρ(Polyselenide) ] (3) 

where ρ(Mo2Csur +Polyselenide), ρ(Mo2Csur), and ρ(Polyselenide) repre
sent the electron densities of the PSe-adsorbed (6 × 3) Mo2C(101) sur
face, pristine (6 × 3) Mo2C(101) surface, and PSes (Se8, Na2Se6, Na2Se4, 
and Na2Se), respectively. Notably, Se8, Na2Se6, and Na2Se4 received 
0.283e, 0.083e, and 0.100e, respectively (Fig. 6f–h), from the adsorbed 
surface. Conversely, regarding Na2Se adsorption, the Mo2C(101) surface 
gained 0.548e (Fig. 6i), owing to the electronegativity difference be
tween the Se and Mo atoms (Mo = 2.16, C = 2.55, Na = 0.93, Se = 2.55 
on the Pauling scale). This indicated that the Mo2C(101) surface acted as 
an electron reservoir with a narrow bandgap. This characteristic 
enhanced the electrical conductivity of the electrode and could catalyze 
the electrode reaction. Similar results were obtained for the K–PSe 
adsorption analysis (Fig. 6j–r). The adsorption energies of PSes, 
including Se8, K2Se6, K2Se4, and K2Se, on the (6 × 3) Mo2C(101) surface 
were determined as − 1.54, − 2.86, − 1.50, and − 2.56 eV, respectively 

(Fig. 6j–n). Moreover, the Bader charge analyses revealed that Se8 and 
K2Se6 gained 0.283e and 0.193e, respectively (Fig. 6o and p), upon 
adsorbing onto the Mo2C(101) surface. Conversely, for K2Se4 and K2Se 
adsorption, the Mo2C(101) surface received 0.317e (Fig. 6q) and 0.715e 
(Fig. 6r), respectively. These findings strongly confirmed that the in
clusion of an ultrafine Mo2C catalyst significantly influenced the 
impeding PSe migration attributed to the efficient electrocatalytic con
version facilitated by fast charge-transfer characteristics.

3.5. Sodium–selenium post-cycling analysis

To understand the factors contributing to the overwhelming elec
trochemical performance of the Se@P–N–C@Mo2C cathode, we per
formed comprehensive post-cycling characterizations and analyses. The 
cells were opened in a glovebox in a fully charged state, and the com
ponents were carefully separated. The XPS and morphological changes 
were examined for the cycled electrode after cycling at a 1.0C-rate. The 
XPS survey spectrum (Fig. S15) displayed photoelectron signals corre
sponding to Na 1s, Mo 3p, C 1s, Mo 3d, Cl 2p, and Se 3d molecular or
bitals. Notably, the Mo peaks, initially positioned at 229.3 and 230.9 eV 
(Fig. 3a), shifted to 228.7 and 231.1 eV (Fig. S16a), respectively, with a 
noticeable change in the intensity pattern. This shift indicated a possible 
electrophilic coupling interaction between the Moδ+ and Se2−

x in the 
Mo2C and Na2Sex species, respectively. Additionally, the considerable 
decrease in the intensity of the Se 3s peak at 232.3 eV compared with 
that of the pristine sample (Fig. 3a) indicated that more Na2Sex (4 ≤ x ≤
8) were adsorbed on the P–N–C@Mo2C surface owing to its strong 
adsorption capability. Similarly, the Se 3d XPS spectrum (Fig. S16b) 
displayed similar trends, with peaks corresponding to Se− 1

T (Se 3d5/2; 
53.8 eV) and Se0

B (Se 3d3/2; 55.1 eV) shifting to lower binding energy 
values compared with the uncycled sample (Fig. 3b; 54.9 eV for Se 3d5/2 

(terminal Se; Se− 1
T ) and 55.8 eV for Se 3d3/2 (bridging Se; Se0

B)), 
demonstrating the changes in the Se environment owing to the strong 
chemical interactions between Mo2C and NaPSes. Furthermore, the 
presence of Na 1s and Cl 2p in the survey spectrum indicated the 
decomposition of the electrolyte. More precisely, the deconvoluted Na 
1s (Fig. S16c) exhibited three fitted peaks at 1070.4, 1070.8, and 1071.7 
eV, corresponding to the carboxymethylcellulose–Na (–COO–Na–), 
solid-state CEI–Na, and –Se–Na– bonds, respectively [71]. Similarly, the 
deconvoluted Cl 2p (Fig. S16d) displayed two well-fitted peaks at 284.6 
and 288.8 eV, which are attributed to the decomposition of the elec
trolyte or perchlorate salt [79]. The FE–SEM micrograph of the cycled 
Se@P–N–C@Mo2C cathode (Fig. S16e) revealed that the fibrous 
morphology remained intact; however, the surface was covered with 
plate-like side products primarily composed of NaPSe deposits. A digital 
photograph of the cycled glass fiber (GF) in the inset revealed a slightly 
yellowish color, indicating the restricted diffusion of PSes. Conversely, 
the FE–SEM image of the Se@P–N–C cathode (Fig. S16f) confirmed the 
deposition of a thick layer of the reaction products. This observation was 
also validated by the dark brown color of cycled GF in the inset. Besides, 
a concomitant change in the color of base electrolyte solution [EC:DEC 
(1:1)] for Se@P–N–C@Mo2C and Se@P–N–C cycled electrodes 
(Fig. S17) also indicate better inhibition of PSe in the case of former. 
Therefore, from the above results, it can be concluded that the 
Se@P–N–C@Mo2C cathode not only maintains its structural integrity 
after prolonged cycling but also slows down the migration of PSes to
ward the cathode, thus increasing the effective active-material utiliza
tion and improving electrochemical performance. Overall, the post- 
cycling characterization results indicated that the presence of the 
Mo2C catalyst effectively inhibited PSe diffusion, accelerated their 
electrocatalytic conversion, and promoted kinetically favored redox 
kinetics.
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3.6. Full cell assembly and electrochemical details for sodium/potassium- 
ion storage

Furthermore, as proof of concept, we designed Na-ion full cells 
employing Se@P–N–C@Mo2C as the anode and spray-drying-derived 
high-voltage spherical-type Na3V2(PO4)3/C (NVP/C) as the cathode. 
Fig. 7a–f shows the morphological features of the NVP/C cathode 
alongside half- and full cell electrochemical outcomes. The FE-SEM 
micrograph (Fig. 7a) of the as-prepared NVP/C cathode revealed the 
formation of non-agglomerated 3D microspheres with an average 
diameter of ~1.8 µm. Furthermore, the high-magnification FE–SEM 
image (inset of Fig. 7a) highlighted numerous pores across the entire 
surface of the microspheres, which were formed by the decomposition of 
various carbonate or ammonium species into gaseous products during 
heat treatment. The XRD pattern (Fig. 7b) displayed sharp and distinct 
peaks indexed to the NVP phase (Hexagonal crystal, R3c space group). 
The wide hump at 2θ = 22.9◦ was attributed to the dextrin-derived 
carbonaceous species. The assembled half-cell underwent a rate- 
capability test at various C-rates (Fig. S18a and Fig. 7c). The cell 
exhibited typical voltage profiles (Fig. S18a) with a flat discharge 
voltage plateau at ~3.35 V for low C-rates, shifting to lower voltages for 
high C-rates owing to the polarization effect. The cell delivered initial 
discharge capacities of 90, 90, 88, 82, 75, 66, 56, 50, and 33 mA h g− 1 at 
C-rates of 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 2.0, and 3.0C, respectively. 
Moreover, when cycled at 0.5C-rate (Fig. 7d), the cell displayed a ca
pacity retention of ~69 % after 100 continuous charge–discharge pro
cesses. Subsequently, an NVP/C//Se@P–N–C@Mo2C full cell was 
assembled by combining 6.75 and 0.90 mg cm− 2 NVP/C and 

Se@P–N–C@Mo2C as the cathode and anode, respectively, in a standard 
coin cell. Fig. 7e illustrates the schematic of the full Na-ion battery 
comprising the NVP/C//Se@P–N–C@Mo2C pair. The voltage profiles 
(Fig. S18b) revealed that the cell exhibited a charge–discharge capacity 
of 146/88 mA h g− 1 at 0.1C in the voltage range of 0.5–3.8 V. When 
cycled at a C-rate of 0.1C (Fig. 7f), the full cell displayed a capacity 
retention of ~70 % after the 60th cycle, emphasizing the large-scale 
energy-storage capability of the full cell.

Similarly, we engineered K-ion full-cells employing Se@P–N–C@
Mo2C as the anode and P3-type K0.5Mn0.8Co0.1Ni0.1O2 (KMCNO) 
microcuboids derived via ethanol-mediated co-precipitation as the high- 
voltage cathode. Fig. 7g–l outlines the morphological features of the 
KMCNO cathode along with the electrochemical outcomes of the half- 
and full cells. The FE-SEM micrographs (Fig. 7g and inset) revealed a 
distinctive cuboid-type morphology. The XRD pattern (Fig. 7h) dis
played sharp, distinct peaks indexed to the P3-structure KMCNO phase, 
which is characterized by a hexagonal crystal and R3m space group. The 
assembled half-cell was subjected to a rate-capability test at various 
current densities (Fig. S19a and Fig. 7i). The cell delivered discharge 
capacities of 66, 54, 26, and 7 mA h g− 1 at current densities of 10, 20, 50, 
and 100 mA g− 1, respectively. Moreover, when cycled at 20 mA g− 1, the 
cell displayed a capacity retention of ~51 % after 100 continuous 
charge–discharge processes (Fig. 7j). Consequently, a KMCNO// 
Se@P–N–C@Mo2C full cell was constructed by combining KMCNO 
(6.48 mg cm− 2) and Se@P–N–C@Mo2C (0.73 mg cm− 2) as the cathode 
and anode, respectively (Fig. 7k). The voltage profiles (Fig. S19b) 
revealed that the cell exhibited a charge–discharge capacity of 28/33 
mA h g− 1 at 20 mA g− 1 in the voltage range of 0.5–3.7 V. When cycled at 

Fig. 7. Morphological and half/full-cell electrochemical studies using (a–f) Na3V2(PO4)3/C (NVP/C) and (g–l) K0.5Mn0.8Co0.1Ni0.1O2 (KMCNO) cathodes: (a, g) 
FE–SEM micrographs, (b, h) XRD patterns, (c, i) Rate capability tests, (d, j) Cycling performance of cathodic half-cell (e, k) Schematic representation of full cells, and 
(f, i) Cycling performance of the full cells.
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20 mA g− 1 (Fig. 7l), the full cell displayed capacity retention of ~59 % 
after the 50th cycle, underscoring the extensive energy-storage capa
bility. It is crucial to emphasize that we synthesized the cathode mate
rials ourselves, necessitating further refinement to achieve optimal 
cycling performance for the half- and full cells.

Overall, we have demonstrated the synthesis and applicability of an 
N-doped porous and conductive framework comprising ultrafine Mo2C 
catalysts as a suitable host for Se infiltration. This framework realized 
considerable electrochemical performance in half- and full cell config
urations for Na/K-ion storage.

4. Conclusions

In summary, we synthesized a highly porous and conductive N- 
doped carbonaceous framework comprising well-embedded ultrafine 
Mo2C catalysts (P–N–C@Mo2C). This framework acted as an effective 
host for Se infiltration (Se@P–N–C@Mo2C). The thermal decomposition 
of the elongated PS phase yielded 1D continuous porous tunnel-like 
channels, which guaranteed facile electrolyte percolation, the smooth 
and rapid diffusion of electrons/ions via the decreased diffusion length, 
and the accommodation of undesirable volume perturbations. Addi
tionally, the N-doping within the carbon species enhanced the electronic 
conductivity of the nanostructure. The presence of the Mo2C catalyst 
facilitated the efficient trapping and electrocatalytic conversion of 
NaPSe species via the electrophilic coupling interactions between Moδ+

and Se2−
x in the Mo2C and Na2Sex species, respectively, resulting in 

enhanced active-material utilization. Thus, the cell featuring the 
Se@P–N–C@Mo2C cathode exhibited remarkable high-rate capability 
(up to 10.0C) and stable cycling performance at low (0.5C) and high 
(1.0C) C-rates. Similarly, when deployed for K-ion storage, the 
Se@P–N–C@Mo2C cathode maintained a high and stable discharge ca
pacity, 235 mA h g− 1 (87 % retention, 220 cycles) at a C-rate of 1.0C. 
Even in a full cell configuration, the electrode demonstrated the 
reversible intercalation/deintercalation of Na/K ions, underscoring its 
suitability for commercial applications. Therefore, we posit that the 
physical and electrochemical advancements presented in this paper will 
significantly enhance our current understanding of alkali metal–Se 
batteries.
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