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Potassium—selenium batteries (KSeBs) are increasingly recognized as attractive energy-storage candidates
thanks to their high theoretical energy density and relatively low production cost. Yet, their practical
deployment remains limited. Issues such as the migration of soluble polyselenides, sluggish redox kinetics,
and substantial cathode volume changes during charge-discharge cycles lead to poor coulombic
efficiency (CE) and short service life. To overcome these obstacles, carbon (C)-based materials have
received significant attention. Owing to their excellent electrical conductivity, tunable porosity, and strong
chemical stability, they have been widely explored as cathode hosts for KSeBs and have shown consider-
able promise in mitigating the aforementioned drawbacks. Given the rapid expansion of research in this
field, this review provides a comprehensive overview of recent progress in C-based cathodes for KSeBs.
We first outline the fundamental characteristics of KSeBs, the major technical challenges, and common
optimization approaches, such as confining Se within C scaffolds, introducing chemisorptive host struc-
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tures, and employing catalytic strategies to accelerate redox reactions. We then examine how different
fabrication methods and micro/nanostructural designs influence electrochemical behavior. Lastly, we
offer perspectives on future directions for the intelligent design of C-based cathodes in KSeBs and

rsc.li/EESBatteries broader applications in other alkali-metal chalcogen battery systems.

Broader context

Driven by the growing demand for sustainable, high energy density electrochemical storage systems, the exploration of alternative alkali-metal batteries
beyond lithium has become a critical research focus. Potassium-based batteries are particularly attractive due to the natural abundance, low cost, and favor-
able redox potential of potassium, while also offering fast ionic transport in conventional electrolytes. Within this family, potassium-selenium batteries
(KSeBs) have emerged as promising candidates because selenium delivers high theoretical energy density through multi-electron redox reactions and exhibits
higher intrinsic electrical conductivity than sulfur, enabling improved reaction kinetics. However, the practical development of KSeBs is severely constrained
by intrinsic challenges, including the dissolution and shuttling of potassium polyselenides, sluggish conversion kinetics, pronounced cathode volume expan-
sion, and unstable electrode-electrolyte interfaces, all of which result in low coulombic efficiency and rapid capacity decay. Carbon-based materials have
therefore attracted extensive attention as advanced cathode hosts, owing to their excellent electrical conductivity, tunable pore structures, lightweight nature,
and outstanding chemical stability. Rationally designed carbon frameworks can physically confine selenium species, buffer volumetric changes, suppress
polyselenide migration, and provide efficient electron/ion transport pathways. Furthermore, heteroatom doping, defect engineering, and catalytic functionali-
zation of carbon hosts enable strong chemical adsorption and accelerated redox kinetics. In this context, a comprehensive and critical assessment of recent
advances in carbon-based cathodes is highly timely for guiding future KSeB development.

discharge rates."™ Despite these advantages, the limited avail-
ability of lithium, accounting for only about 0.0017 wt% of the

1. Introduction

Lithium-ion batteries (LIBs) are currently the dominant power
source for portable electronics, electric vehicles, and smart
grid technologies due to their long cycle life and low self-
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Earth’s crust, combined with its uneven geographic distri-
bution and rising cost, poses significant constraints on the
continued expansion of LIB technology.”® Given these limit-
ations, potassium-ion batteries (PIBs) have drawn growing
interest. PIBs share similar electrochemical mechanisms with
LIBs, yet benefit from the natural abundance and low cost of
potassium (K), which constitutes roughly 2.1-2.6 wt% of the
crust.”*? Moreover, the relatively high radius of K" ions often
results in notable volume changes in electrodes and sluggish
ion diffusion, prompting ongoing efforts to develop more
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advanced K-based energy-storage systems.'””'® The electro-
chemical behavior of PIBs is strongly influenced by the pro-
perties of their cathode materials, especially in terms of
capacity and redox potential.'’*® Achieving cathodes that
combine high capacity with elevated operating voltages is
essential for advancing PIB technology, yet this goal remains
difficult to realize. Among the various options, selenium (Se)-
based cathodes have emerged as attractive candidates owing to
their exceptionally greater theoretical volumetric capacity
(3253 mAh g™ ") and relatively high electrical conductivity (1 x
107 S m™").>° Compared with lithium-selenium (Li-Se) and
sodium-selenium (Na-Se) systems, where extensive polysele-
nide dissolution and slow reaction kinetics severely hinder per-
formance, KSeBs benefit from the intrinsically lower solubility
of K polyselenides (KPSes).>"**> This reduced solubility effec-
tively mitigates the shuttle effect, enabling improved coulom-
bic efficiency (CE) and extended cycling stability. As a result,
KSeBs show strong potential as competitive next-generation
energy-storage technologies.”>**

The KSeBs operate through a reversible conversion reaction
between Se and K ions.*® Despite this straightforward mecha-
nism, its real-world performance is hindered by several intrin-
sic issues of the Se cathode, such as polyselenide shuttling,
poor electrical conductivity, sluggish redox kinetics, and pro-
nounced volume fluctuations during cycling.”®*” To tackle
these limitations, various strategies, such as constructing Se-C
composites and designing Se/S hybrid molecular structures,
have been proposed.”®*° Among these approaches, C-based
composites stand out as particularly promising cathode hosts
for KSeBs. Their tunable porous architectures and excellent
electrical conductivity allow them to effectively confine Se
physically while providing chemical adsorption sites for
polyselenides.>**! To date, extensive research has centered on
integrating C-based composites into the cathodes of KSeBs.
For instance, Yao and colleagues designed a Se@NOPC-CNT
cathode that delivered a capacity of 335 mAh g™* even after 700
cycles at 0.8 A g~'. This durable behavior was attributed to
combined contributions of N/O heteroatom doping, a 3D con-
ductive C network that facilitates rapid electron and ion trans-
port, and abundant nanopores that effectively confine polysele-
nides.*” In another study, Lim’s team prepared a Se@h-
NMCNF composite cathode whose hierarchical porous C nano-
fiber (CNF) framework greatly enhanced Se utilization, result-
ing in improved rate capability and long-term cycling stabi-
lity.>® Several review articles have discussed the progress of
C-based composites in KSeBs. For example, Huang et al. pro-
vided a broad overview of recent developments in K-chalcogen
systems (S, Se, and Te), including various cathode compo-
sites.”® Du and co-workers also offered a systematic summary
of biomass-derived C used in (Li, Na, K)-Se battery techno-
logies.*® Although several review articles have discussed Se-
based batteries,*® K-chalcogen systems,’® or C materials for
energy storage,’” most of these works focus on broader battery
chemistries or other alkali-metal systems such as Li-Se and
Na-Se batteries.*® A systematic review that specifically exam-
ines C-based cathode engineering strategies for KSeBs, includ-
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ing Se confinement, chemisorptive host design, and electro-
catalytic regulation, remains relatively limited.

In this report, we offer an in-depth investigation of recent
progress in employing C-based composites as cathodes for
high-performance KSeBs, covering key strategies such as C
encapsulation of Se, the design of chemisorptive host struc-
tures, and catalytic enhancement of redox reactions, as illus-
trated in Fig. 1. We also discuss the working mechanism of
KSeBs, identify the major challenges, and outline current
optimization approaches, while emphasizing the existing gaps
in mechanistic understanding, particularly for systems invol-
ving small-molecule Se. Furthermore, we offer future perspec-
tives for rational development of C-based cathodes aimed
at improving KSeB performance. It is anticipated that this
review will stimulate broader interest in this research direction
and help accelerate the practical implementation of KSeB
technology.

2. Mechanistic insights, performance
barriers, and enhancement strategies
in KSeBs

Because of their inherent benefits, Se-based cathodes have
attracted widespread interest. However, in Li-Se and Na-Se
battery systems, severe polyselenide dissolution and shuttling,
along with slow reaction kinetics, often result in limited
cycling durability.®® In comparison, KSeBs show much lower
solubility of Se and KPSes in carbonate electrolytes, which
effectively mitigates a shuttle effect and leads to higher energy
density, better CE, and enhanced long-term stability.”® As a
result, rechargeable KSeBs are emerging as promising candi-
dates for next-generation energy-storage devices. This section
provides an overview of their key characteristics, major limit-
ations, and possible strategies for performance optimization.
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Fig. 1 Application of C-based cathodes in KSeBs.
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2.1. Mechanistic insights and performance barriers of KSeBs
A typical rechargeable KSeB is composed of a Se-based
cathode, a K metal anode, an electrolyte, and a separator.*’ Its
electrochemical operation relies on the oxidation of K and the
corresponding reduction of Se. The specific reaction pathway
is closely linked to the structural form of the Se species. Ring-
shaped Seg generally converts to K,Se through a two-step
process involving polyselenide intermediates, whereas poly-
meric Se, can either react directly to form K,Se or proceed
through intermediate polyselenide states. In contrast, small-
molecule Se follows a solid-solid conversion route to yield
K,Se, a mechanism that is advantageous for suppressing the
shuttle effect.*! Although notable progress has been made in
uncovering the reaction mechanisms of KSeBs, their full
electrochemical behavior, particularly in systems employing
small-molecule Se, has not yet been fully clarified. Despite
these uncertainties, Se remains highly appealing for K-Se
chemistry because of its outstanding properties, such as high
electronic conductivity (1 x 107> S m™), a large theoretical
capacity of 675 mAh g™', and an impressive volumetric
capacity of 3253 mAh em™.**> Importantly, Se-based cathodes
exhibit exceptional stability in carbonate electrolytes. Their
direct conversion pathway eliminates the construction of
soluble polyselenides, reducing parasitic reactions and greatly
improving the interfacial compatibility between the electrode
and electrolyte.>®

The electrochemical conversion pathway of Se in KSeBs is
strongly influenced by the structural form of Se, the physico-
chemical properties of the host matrix, and the electrolyte
environment. Bulk Seg typically follows a stepwise conversion
process involving soluble polyselenide intermediates (K,Se,, 2
< x £ 8), which can lead to shuttle phenomena and capacity
decay.*’ In contrast, when Se is confined as polymeric chains
or highly dispersed small-molecule species within porous C
frameworks, the reaction pathway can shift toward shorter
solid-solid conversion routes with reduced formation of
soluble intermediates.** Moreover, the polarity and catalytic
activity of the host matrix play a crucial role in stabilizing Se
intermediates and accelerating redox kinetics.*> Polar or
heteroatom-doped C hosts can enhance chemisorption of poly-
selenides and regulate their conversion dynamics, while the
electrolyte composition further modulates intermediate solubi-
lity and interfacial charge-transfer processes.*® Therefore, the
interplay between the Se structural form, host polarity, and
electrolyte chemistry collectively determines the dominant
reaction pathway and the stability of reaction intermediates in
KSeBs.

However, KSeBs continue to encounter several major
obstacles. First, the shuttle effect of soluble polyselenides
remains severe; these species form through reactions between
the Se cathode and the K metal anode and lead to continuous
loss of the active material and rapid capacity fading.*” Second,
the Se electrode undergoes substantial structural stress
because K" insertion induces nearly a 400% volume expansion,
arising from the density difference between elemental Se and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the resulting K,Se, phases, ultimately deteriorating electrode
integrity.”” Third, the intrinsically large atomic radius of Se
slows down redox kinetics, thereby limiting CE and long-term
cycling durability.>”*°

2.2. Enhancement strategies of KSeBs

In response to the challenges outlined above, various cathode-
optimization strategies have been introduced for KSeBs. These
approaches include confining Se within conductive C matrices,
designing hosts capable of strong chemisorption toward inter-
mediate species, and incorporating electrocatalytic com-
ponents to accelerate redox reactions (Fig. 2).

Research on KSeBs has largely centered on strategies aimed
at suppressing polyselenide shuttling, accelerating reaction
kinetics, and enhancing electrode durability. Most current
efforts focus on cathode engineering, with C-based encapsula-
tion of Se receiving considerable attention due to its structural
benefits.>* Porous C frameworks can buffer the substantial
volume change of Se and provide efficient ion pathways
through their hierarchical pores,** while hollow C structures
confine active species within a closed space, thereby reducing
polyselenide dissolution.*® Additionally, heteroatom doping
strengthens chemical interactions with polyselenides,
improves electronic conductivity, and promotes redox conver-
sion.?” Biomass-derived carbons further offer natural porosity
and inherent heteroatoms, enabling strong electrochemical be-
havior at lower cost.”” Recent studies also highlight that
restricting Se to smaller molecular units (Se,_,) reduces phase-
transition-induced stress and enhances reaction kinetics, pro-
viding an alternative to the sluggish conversion of the conven-
tional Seg structure.’® Moreover, polar hosts and single-atom
catalysts contribute to stronger adsorption and more efficient
transformation of polyselenides.>® Beyond these approaches,
electrocatalytic strategies can further decrease the conversion
energy barrier and accelerate redox kinetics.>”

3. Application of C-based cathodes
for KSeBs

The cathode remains one of the primary bottlenecks for
KSeBs, making the stabilization of Se-based electrodes crucial
for achieving enhanced electrochemical behavior. Despite Se’s
higher electronic conductivity compared to S, elemental Se
alone is unsuitable as a cathode material and must be inte-
grated with conductive hosts to support efficient electron
transport.”® During cycling, the reversible conversion of Se
forms soluble KPSes that readily diffuse into the electrolyte,
causing rapid capacity decay and eventual cell failure.**
Addressing this issue requires the design of spatially confining
host structures that can suppress the polyselenide shuttle,
with cathodes that provide both high conductivity for charge
transport and strong confinement of active Se species. C-based
composites have emerged as highly promising components for
KSeBs due to their excellent conductivity, tunable porosity,
large specific surface area (SSA), and strong chemical stability.
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Fig. 2 Schematic illustration of the major challenges in KSeBs and the corresponding cathode-engineering strategies developed to address them.

These intrinsic features position C composites as effective plat-
forms for addressing the challenges discussed above. This
section outlines design principles for C-based cathodes in
KSeBs, focusing on three main strategies: Se encapsulation,
construction of chemisorptive host structures, and electro-
catalytic enhancement of redox reactions. Performance com-
parisons of various C-based cathode architectures are summar-
ized in Table 1.

It should be noted that direct comparisons of electro-
chemical performances across different KSeB studies must be
interpreted with caution because experimental conditions are
often not standardized. Key parameters such as Se loading,
electrolyte-to-Se (E/S) ratio, current density definition (based
on total electrode mass or active material mass), and cell con-
figuration can vary significantly between reports. These differ-
ences may strongly influence the reported specific capacities,
rate capabilities, and cycling stability. Therefore, while the
summarized data provide a useful overview of the recent pro-
gress in cathode design, the performance metrics should be
considered within the context of the specific testing conditions
reported in each study. Establishing more consistent reporting
standards, particularly with respect to practical parameters
such as high Se loading and lean electrolyte conditions, will be
important for enabling more reliable cross-study comparisons
and accelerating the development of practically relevant KSeB
systems.

Beyond qualitative descriptions,
physicochemical parameters have been shown to correlate
strongly with the electrochemical performance of C-based

several measurable

EES Batteries

cathodes in KSeBs.*® First, pore size distribution plays a criti-
cal role in balancing Se confinement and ion transport.
Micropores (<2 nm) effectively confine Se and suppress polyse-
lenide dissolution, while mesopores (2-10 nm) facilitate elec-
trolyte penetration and K" diffusion, leading to improved rate
capability.”* Second, the binding energy between Se species
and the host matrix, which can be tuned through heteroatom
doping (e.g., N, S, or P), determines the stability of intermedi-
ate polyselenides. Moderate binding energies are generally
favorable because they stabilize intermediates without signifi-
cantly impeding their redox conversion.>” Third, the intrinsic
electronic conductivity of the C framework directly influences
charge-transfer kinetics and high-rate performance. Finally,
catalytically active sites introduced by heteroatom dopants or
metal-N-C structures can reduce the activation energy of poly-
selenide conversion reactions, thereby improving reaction
reversibility and overall conversion efficiency.®® These struc-
ture—-property-performance correlations highlight the impor-
tance of simultaneously optimizing the pore architecture,
surface chemistry, and electronic transport in designing
advanced C-based cathodes.

3.1. Incorporating Se into C composites

Incorporating Se into C frameworks helps overcome its
inherent limitations by taking advantage of C’s superior con-
ductivity, which promotes fast electron transfer and enhances
overall reaction kinetics. The porous architecture of C enables
high Se loading and ensures efficient electrolyte penetration,
while its large SSA offers abundant electroactive sites.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Moreover, C matrices can restrict polyselenide migration and
accommodate the large volume changes of Se during cycling,
helping to preserve electrode stability. Presently, a variety of C
materials, such as porous C,”*”” hollow C,** doped C,’® and
biomass-derived C*” have been used in Se-based cathodes.

3.1.1. Se/porous C composites. Se/porous C composites
have become widely adopted for improving Se-based cathodes.
Based on pore dimensions, porous carbons are categorized as
microporous, mesoporous, and macroporous. Although micro-
porous carbons allow electrolyte penetration, their limited
pore volume restricts the amount of Se that can be accommo-
dated. Mesoporous carbons provide higher Se loading and
enable efficient ion transport, yet they may compromise the
confinement of Se species.®®®’ Consequently, developing hier-
archically porous carbons with well-regulated pore size distri-
butions is considered an optimal approach for advancing Se
cathode performance.” For instance, Cheng and co-workers
prepared a graphitized hierarchical porous carbon (HPC) by
employing a CO, metallothermic reduction process and sub-
sequently incorporated Se to obtain an HPC/Se cathode.’” This
composite features an exceptionally high SSA (1740 m? g™*)
and a hierarchical pore network consisting of micro-, meso-,
and macropores, which enables strong physical confinement
of Se and results in outstanding rate performance. In addition
to physical encapsulation, chemical anchoring is another
essential approach for mitigating polyselenide migration. In
another report, Zhou’s group developed a 3D Se/C composite
(Se-O-PCS) featuring a “water-cube” architecture by employing
Na,CO; as a sacrificial template (Fig. 3a).** In this structure,
Se is strongly immobilized within the porous C framework
through stable Se-O-C bonds, resulting in a high Se loading of
51 wt% (Fig. 3b). When applied in KSeBs, the composite deli-
vered a reversible capacity of 624 mAh g~' at 0.1 A g and
retained 280 mAh g~' even at 2 A g, including remarkable
long-term cycling durability (Fig. 3c and d). These outstanding
electrochemical properties stem from the engineered 3D
framework and the effective confinement of Se inside the C
network.

MOFs have emerged as excellent templates for producing
porous C materials.>”"”* Owing to their metal-ligand coordi-
nation structures, these frameworks yield highly porous C net-
works after pyrolysis and subsequent removal of metal species.
Such derived carbons can effectively confine Se”® while preser-
ving the structural features and large SSAs characteristic of
their parent MOFs.>* As shown in Fig. 3e, Huang and co-
workers utilized ZIF-67 to generate N-doped porous C (MDPC)
through controlled carbonization followed by acid etching.®® A
Se/MDPC composite containing 53 wt% Se was then obtained
using a melt-diffusion strategy. The SEM micrograph in Fig. 3f
confirms that the MDPC framework preserves its polyhedral
morphology, while the TEM micrograph (Fig. 3g) reveals
uniform infiltration of Se throughout the hierarchical pore
system. Consequently, the Se/MDPC half-cell achieved dis-
charge capacities of 405, 267, 211, 150, and 101 mAh g~* at
0.05, 0.1, 0.2, 0.5, and 1C, respectively, with the CE approaching
90% (Fig. 3h). In addition, the cathode demonstrated strong
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cycling durability, retaining ~130 mAh g~* and >95% CE after
100 cycles (Fig. 3i). These outstanding electrochemical beha-
viors stem from the hierarchical porosity of MDPC, which
buffers the large ~400% volume expansion of Se, while N
doping improves conductivity and the confined structure sup-
presses polyselenide migration. Using a comparable strategy,
Huang and co-workers produced a Se host (N-HCNS) by com-
bining ZIF-8 derived microporous C with N-doped porous C
nanosheets (NSs) by the melt-diffusion technique.’® This
hybrid structure mitigated polyselenide shuttling, improved Se
usage, and buffered the volume variation during cycling. In
parallel, Sun and co-workers synthesized interconnected micro-
porous C nanorods (Se@HCR) employing Zn-MOF-74, which
exhibited enhanced rate performance owing to their optimized
porous network.>® Together, these works underscore the impor-
tance of MOF-derived C frameworks for overcoming the princi-
pal limitations of Se cathodes, especially regarding polyselenide
confinement and volume-expansion management.

Besides MOF-derived carbons, other engineered C materials
featuring controlled porosity or heteroatom incorporation have
also yielded strong KSeB performance. Huang et al. developed
a N-doped porous C sponge,®’ while Lim et al.** produced
N-doped CNFs (h-NMCNFs) via electrospinning, both showing
improved electrochemical properties due to their optimized
porous configurations. Furthermore, Kim and co-workers syn-
thesized N,S co-doped HPC microspheres (NSHPC) through
spray pyrolysis followed by chemical activation at 650-800 °C
(Fig. 4a).> As illustrated in Fig. 4b and ¢, NSHPC-700 and its
Se-loaded counterpart maintained their hierarchical pore net-
works. By fine-tuning micropore volume and the ratio between
micro- and mesopores, the NSHPC-700/Se cathode achieved
outstanding rate performance. As illustrated in Fig. 4d, the
NSHPC-700/Se cathode delivered stable reversible capacities of
492, 461, 356, 256, and 137 mAh g~ at 0.1, 0.2, 0.5, 1, and 2C,
respectively. When the current density was returned to 0.1C,
the capacity recovered to 482 mAh g™, indicating minimal
degradation. Fig. 4e further shows that the electrode exhibits
excellent cycling stability at 0.2C, delivering a reversible
capacity of 436 mAh g~ over 120 cycles. The CE quickly
reached 98.5% and consistently remained above 99% in sub-
sequent cycles. This superior electrochemical behavior results
from the large micropore volume that confines Se and the opti-
mized micro/mesopore ratio that promotes efficient mass
transport. The Se-filled micropores restrict polyselenide for-
mation/dissolution, while the mesoporous channels enhance
ion mobility and buffer the volume changes occurring during
cycling. In a related study, Zhao’s team introduced a S/O-co-
doped HPC (SO-HPC) as a robust host matrix for Se storage.®?
Following the melt-diffusion incorporation of Se, the resulting
Seso/SO-HPC; composite retained its initial porous mor-
phology (Fig. 4f), confirming the uniform permeation of Se
into the hierarchical pore network. Electrochemical evaluation
revealed an impressive reversible capacity of 450 mAh g™ at
0.5C, which was sustained for 1700 cycles with nearly 100% CE
(Fig. 4g). The outstanding behavior is attributed to the coop-
erative physicochemical adsorption provided by S and O

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Pictorial representation of the fabrication of the Se-O-PCS

composite. (b) SEM micrograph of the resulting Se—O-PCS structure. (c)

Comparison of rate capabilities of different electrode materials. (d) Long-term cycling behavior at 1.0 A g~ for the examined electrodes.
Reproduced from ref. 42, Copyright 2021, Elsevier B.V. (e) lllustration of the fabrication route for the Se/MDPC composite. (f) FE-SEM micrograph of
the Se/MDPC composite. (g) TEM micrograph showing the internal morphology, (h) rate capability, and (i) cycling stability of the Se/MDPC compo-

site. Reproduced from ref. 60, Copyright 2019, Elsevier B.V.

dopants, which strengthens Se immobilization, curtails anion
dissolution, and mitigates parasitic reactions.

3.1.2. Se/hollow C composites. Recent studies have increas-
ingly explored hollow nanostructures as advanced modifiers
for KSeB cathodes to address key performance limitations.
These hollow architectures not only accommodate the substan-
tial volume changes that occur during cycling,>* but also offer
enhanced chemical affinity toward polyselenides and provide
efficient pathways for ion and electron transport.*®

To fabricate hollow C architectures, numerous studies have
focused on tailoring MOF-derived nanostructures. Huang’s

© 2026 The Author(s). Published by the Royal Society of Chemistry

team, for instance, developed Se-HPC using MOF-based porous
C polyhedra produced through freeze-drying followed by a
melt-diffusion process.”> As a versatile class of engineered
materials, MOFs have found extensive application in gas
adsorption and separation. As illustrated in Fig. 5a, Zhou and
co-workers constructed an NO-nanocage/CNT composite by
synthesizing ZIF-8 via a solution method employing Zn(NOj3),
and 2-methylimidazole as precursors.*®* TEM and SEM images
(Fig. 5b) confirm its polyhedral morphology. The resulting
Se@NO-nanocage/CNT exhibited remarkable rate performance,
carrying 304 mAh g7' at 5 A ¢”' and maintaining 80% of its
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(a) Schematic illustration of the preparation of Se-loaded N, S co-doped hierarchical porous C. SEM micrographs of (b) NSHPC-700 and (c)

NSHPC-700/Se. (d) Rate capability and (e) cycling behavior of NSHPC-700/Se. Reproduced from ref. 55, Copyright 2020, American Chemical
Society. (f) SEM micrograph and (g) cycling behavior of Seso/SO-HPC3 at 0.5C. Reproduced from ref. 62, Copyright 2019, Royal Society of

Chemistry.

capacity at 2 A g~* (Fig. 5¢). Furthermore, its abundant micro/
mesoporosity, N/O doping, and high conductivity endowed it
with excellent K-storage capabilities. Impressively, after 3500
cycles, the material retained a capacity of 274 mAh g™*
(Fig. 5d). To enhance electronic conductivity and thereby
improve rate capability, Jia’s group designed a CFS@N-C com-
posite utilizing hollow C spheres through a self-assembly strat-
egy (Fig. 5e).*" As shown in the SEM image (Fig. 5f), the
material features uniformly distributed hollow C spheres. The
CFS@N-C electrode delivered stable cycling over 500 cycles at
100 mA g ' while maintaining a high reversible capacity
(Fig. 5g). This strong performance stems from its self-
assembled architecture, which boosts K-ion storage, reinforces
structural integrity, and increases the electrode-electrolyte
interfacial area. In related work, hollow C spheres have been
directly employed as hosts. Ding’s group synthesized Se@AHCS
using a conventional procedure, where the O-containing func-
tional groups and defect-rich graphitic domains within the C

EES Batteries

network offered strong chemisorption spots for Se intermedi-
ates, thus inhibiting polyselenide diffusion.*”

3.1.3. Se/heteroatom-doped C cathodes.
doping has become a key approach for enhancing the electro-
chemical properties of C-related composites in KSeBs.
Introducing defects through doping enhances the C matrix’s
affinity for polyselenides, thereby suppressing their migration
and improving overall cell performance.>® To mitigate issues
such as polyselenide shuttling and pronounced volume variation
during cycling, scientists have explored mono-element doping
strategies to refine cathode behavior. For example, Park and col-
leagues developed N-doped C hosts loaded with Se (Se@NCHS),
featuring a well-organized, flower-like hierarchical structure that
contributes to improved electrochemical stability.”®

Beyond single-atom doping, dual-doped C composites can
introduce synergistic interactions that further enhance cathode
functionality.>®* In particular, N and O co-doping is known to
improve electronic carrier density, surface polarity, and chemi-

Heteroatom

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Pictorial representation of the formation process of the Se@NO-nanocage/CNT composite. (b) SEM micrograph and (c) rate capability of

the Se@NO-nanocage/CNT cathode. (d) Cycling behavior and CE at 1 A g~* over 3500 cycles. Reproduced from ref. 48, Copyright 2020, Wiley-VCH.
(e) Diagram illustrating the preparation route of the CFS@N-C composite. (f) SEM micrograph and (g) rate capability of the CFS@N-C electrode.

Reproduced from ref. 41, Copyright 2021, Springer Nature.

cal binding strength.’®®* Yao and co-workers reported the fab-

rication of porous C NSs intertwined with CNTs and simul-
taneously doped with N and O (referred to as NOPC-CNT),
which were subsequently infused with Se to produce a
Se@NOPC-CNT cathode.? The synthesis pathway for the thin-
film cathode is illustrated in Fig. 6a. Electrochemical tests
revealed that the Se@NOPC-CNT electrode maintained excel-
lent stability over 700 cycles at 0.8 A g~*, delivering a reversible
capacity of 335 mAh g~' and maintaining nearly 100% CE
(Fig. 6b). Furthermore, when the current density was returned
to 0.1 A g~' after high-rate cycling at 5 A g7, the electrode
recovered a capacity of 546 mAh g~ " with negligible degradation
(Fig. 6¢), highlighting its fast reaction kinetics and robust struc-
tural durability. These superior properties stem from the flex-
ible and conductive nature of the NOPC-CNT host, which
accommodates volume fluctuations and offers strong adsorp-

© 2026 The Author(s). Published by the Royal Society of Chemistry

tion sites for Se species. To improve electronic conductivity and
facilitate faster reaction kinetics, both essential for achieving
high capacity and long-term cycling performance, Du’s group
synthesized an N/O co-doped hollow porous C material (MSTC)
by employing carrageenan and SiO, as precursors through a
molten-salt approach. The Se was subsequently incorporated
using a melt-diffusion process, yielding an efficient cathode
material for KSeBs.>® The resulting 3D, interconnected, free-
standing C film provided a robust conductive network and
superior mechanical integrity, which translated into excellent
electrochemical behavior. As illustrated in Fig. 6d, the
MSTC@Se electrode delivered 507 mAh g~ " at 0.1 A g”" and
retained 201 mAh g~ even after 2000 cycles at 2 A g~ (Fig. 6e).
These enhancements stem from the optimized structure that
supports high Se loading (~60 wt%) due to strong chemical
affinity from the abundant N and O functionalities.

EES Batteries
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Additionally, the N-strengthened O-sites within the C frame-
work contributed to improved conductivity and effectively miti-
gated the polyselenide shuttle. Li and colleagues further devel-
oped a flexible KSeB by employing N/O doped porous CNFs
(MMCFs) as the Se host.>® The engineered C framework pro-
vides effective physical confinement, limiting polyselenide
generation and thereby enhancing cycling stability.

3.1.4. Se/biomass-derived C cathodes. In recent years,
biomass-derived C composites have gained growing interest as
components in KSeB systems.”*”> Their sustainability, low
environmental impact, and economic advantages make porous
biochar an attractive host for Se-based cathodes. However, the
inherently limited electrochemical storage ability of biomass
carbons continues to restrict their practical implementation in
KSeBs.?® To address these limitations, recent studies have
focused on tailoring the structure and composition of
biomass-derived carbons to suppress polyselenide shuttling,
accommodate volume variations, and improve electronic con-
ductivity within K-Se cells.**

Biomass-derived porous carbons are commonly utilized as
Se hosts in cathode configurations. Ma et al. recently devel-
oped a 3D N-doped cross-linked C (3D-N-CPC) from eggplant

EES Batteries

biomass via freeze-drying followed by pyrolysis (Fig. 7a).>® The
resulting material exhibited a highly interconnected hierarchi-
cal microporous network. Following Se incorporation, the
3D-N-CPC framework remained structurally intact, with Se uni-
formly distributed throughout the continuous pore channels
(Fig. 7b and c). In another study, Qiu and colleagues produced
a foam-type N-doped C (FNDPC) using natural cotton as the
precursor (Fig. 7d and e),* demonstrating a promising
approach for developing low-cost Se host materials. In
addition, efforts have been made to further enhance cathode
properties by integrating biomass-derived C with graphene or
similar C frameworks to serve as a dual-host system for Se. Cai
and co-workers introduced a composite cathode, PC/Se/GO,
synthesized by amalgamating walnut shell-derived biochar
with GO (Fig. 7f).®® The resulting composite displayed an irre-
gular cubic morphology (Fig. 7g). This architecture signifi-
cantly improved the electrochemical performance, delivering a
reversible capacity of 426.3 mAh g~ in the second cycle
(Fig. 7h). The enhanced behavior is primarily attributed to the
uniform dispersion of Se within the PC/Se matrix.

3.1.5. Small-molecular Se/C cathodes. Growing interest has
been directed toward small-molecule Se because its large SSA

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(@) Schematic representation of the synthesis of the 3D-N-CPC/Se composite. (b and c) SEM and TEM micrographs of 3D-N-CPC/Se.

Reproduced from ref. 28, Copyright 2024, American Chemical Society. (d) Illustration of the fabrication process for FNDPC@Se. (e) TEM micrograph
of FNDPC. Reproduced from ref. 49, Copyright 2020, Elsevier B.V. (f) Schematic of the preparation approach for PC/Se/GO. (g) SEM micrograph of
PC/Se/GO. (h) Cycling behavior of PC/Se/GO measured at 0.5C. Reproduced from ref. 65, Copyright 2020, Wiley-VCH.

and pronounced size-related effects contribute to cathodes
with elevated capacity and improved conductivity.”® To further
improve battery energy density and cycling durability, research-
ers have integrated these small Se species with various
C-based hosts, including porous CNFs and biomass-derived
carbons.””

Xu and co-workers developed a flexible KSeB using small-
molecule Se confined within thin N-doped CNF films
(Se@NPCFs) as a cathode composite (Fig. 8a).”” The resulting
fibers exhibited a distinctive pod-shaped morphology rich in
hierarchical pores. Benefiting from this architecture, the

© 2026 The Author(s). Published by the Royal Society of Chemistry

Se@NPCFs delivered outstanding cycling durability, maintaining
367 mAh g" at 0.5 A g™ for 1670 cycles with nearly 100% CE
(Fig. 8b). These remarkable electrochemical characteristics stem
from the 1D N-doped C “pea-pod” architecture, which facilitates
electrolyte infiltration and K" transport, accommodates volume
changes, and lowers internal resistance. To further improve the
cycling stability of Se-based cathodes, Wang’s group infused
small-molecule Se into the intrinsic nanopores of N/S doped
walnut-shell-derived C through sequential carbonization and
melt-diffusion processes (Fig. 8c).”® As shown in Fig. 8d, the
Se@PWC-NS electrode preserved a capacity of 211.7 mAh g™*

EES Batteries
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Fig. 8 (a) Illustration depicting the preparation route of the Se@NPCF

composite cathode. (b) Cycling behavior of Se@NPCFs at 0.5 A g™~

Reproduced from ref. 77, Copyright 2020, Wiley-VCH. (c) Pictorial representation of the fabrication strategy for the Se@PWC-NS material. (d)
Cycling behavior comparison between Se@PWC-NS and pristine Se composites at 10C. Reproduced from ref. 29, Copyright 2022, Elsevier B.V. (e)
Diagram of the fabrication procedure for C-DWHCSs/Se. (f) Cycling results of different composites evaluated at 0.1C. Reproduced from ref. 51,

Copyright 2022, Elsevier B.V.

after 3500 cycles. This stability is attributed to the N/S-co-doped
biomass C host, which effectively mitigates Se volume expansion
and enhances structural robustness. The C-derived composites
have also been widely utilized as supports to augment the
characteristics of small-molecule Se cathodes.*®

Although various C host engineering strategies have been
reported, their relative importance strongly depends on the oper-
ating regime of KSeBs.>® Under high Se loading conditions, struc-
tural confinement provided by hierarchical porous C frameworks
becomes critical to maintain effective electron/ion transport path-
ways and to accommodate the large volume changes associated
with Se conversion reactions.” In lean electrolyte systems, where
polyselenide dissolution and shuttle effects become more pro-
nounced, polar or heteroatom-doped C hosts play a dominant
role by enhancing chemisorption interactions with Se intermedi-
ates and stabilizing them at the cathode interface.*® In contrast,
under high-rate operation, the reaction kinetics of polyselenide
conversion become the primary limitation; therefore, highly con-
ductive C frameworks and electrocatalytically active sites are par-
ticularly important for reducing activation barriers and accelerat-
ing redox reactions.®® These observations suggest that an effective
cathode design should simultaneously integrate structural con-
finement, chemical adsorption, and catalytic regulation, with the

EES Batteries

relative contribution of each mechanism depending on the tar-
geted operating conditions. However, despite the promising
electrochemical performance achieved through such structural
and chemical engineering, many reported C host architectures
rely on complex synthetic strategies, including hard/soft templat-
ing, MOF derivation, or multi-step heteroatom doping
processes.®>®®* While these approaches enable precise regu-
lation of pore size distribution, surface functionality, and catalytic
activity, their scalability and cost-effectiveness remain important
considerations for practical applications. For example, templating
methods often require additional template removal steps and
chemical treatments,”> whereas MOF-derived carbons typically
involve expensive precursors and high-temperature pyrolysis pro-
cesses, which may limit their feasibility for large-scale electrode
manufacturing.”” In contrast, more scalable approaches such as
the use of biomass-derived carbons, direct pyrolysis of polymer
precursors, or template-free porous C synthesis offer attractive
alternatives due to their lower cost, simplified processing, and
compatibility with industrial production.®®” Therefore, future
research should aim to balance structural sophistication with syn-
thetic simplicity in order to develop cathode host materials that
combine high
manufacturability.

electrochemical performance with practical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2. Engineering chemisorptive hosts

An alternative effective approach for enhancing the durability
of Se-based cathodes involves engineering chemisorptive host
materials.?® By tailoring the C matrix or introducing specific
surface functional groups, these hosts create strong chemical
binding sites for Se and polyselenides. Such interactions help
suppress polyselenide dissolution and the associated shuttle
effect, strengthen the attachment of Se to the C scaffold, and
minimize loss of active Se moieties during repeated
cycling.”**”

Among the various implementations of chemisorptive host
design, Wu and colleagues developed dual-wall hollow C
spheres (DWHCSs) modified with CTAB as an effective Se host
(C-DWHCSs), which were subsequently used to assemble the
C-DWHCSs/Se cathode (Fig. 8e).”' Owing to their double-
layered hollow architecture and high SSA, the C-DWHCSs
demonstrated strong affinity toward polyselenides, enabling a
higher Se loading in the cathode. As a result, the C-DWHCSs/
Se electrode delivered a capacity of 411 mAh g™" at 0.1C after
100 cycles (Fig. 8f). Notable cycling stability is attributed to the
large SSA and hollow dual-wall structure, which provide abun-
dant storage sites for Se and support higher Se mass loading.
Additionally, the internal cavity acts as a buffer to accommo-
date volume fluctuations during cycling. In addition, Yang’s
group incorporated the polar compound MoSe, into a chito-
san-derived hierarchical porous C framework (MoSe,-HPC)
using a straightforward freeze-drying and carbonization route,
producing an effective host for Se with excellent cycling stabi-
lity and rate capability.®® Collectively, these findings highlight
the strong promise of chemisorptive host materials in enhan-
cing the electrochemical characteristics of Se-based cathodes.

3.3. Electrocatalysis of redox processes

Beyond the aforementioned approaches, recent work has
focused on incorporating catalysts to promote the adsorption
and conversion of polyselenides.>" Evidence indicates that the
cycling durability and rate behavior of KSeBs can be greatly
enhanced by designing C-based architectures featuring porous
structures in combination with suitable electrocatalysts.
Collectively, these studies offer valuable theoretical guidance
and experimental support for the development of high-per-
formance KSeBs.*""*”

Cho and co-workers fabricated a 1D N-doped C framework
(P-N-C@Mo,C) through electrospinning followed by carboniz-
ation and KOH activation, and subsequently infused Se into
this structure to obtain Se@P-N-C@Mo,C (Fig. 9a).>> The P-
N-C@Mo,C scaffold featured a porous 1D morphology, which
was retained after Se loading, as evidenced in Fig. 9b and c.
This porous network facilitated electrolyte access and pro-
moted efficient electron and ion transport, shortening
diffusion pathways and accommodating the volume variation
during cycling. The N-incorporation enhanced the electronic
conductivity of the C matrix, while the ultrafine Mo,C nano-
particles (NPs) acted as catalysts capable of anchoring and
accelerating the redox conversion of KPSes via electrophilic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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coupling with Mo and Se, thereby increasing active material
employment.

Chemical adsorption and electrocatalysis are often inte-
grated within a single host material. Zhou and co-workers pre-
pared a Se-W,N/C cathode using a melt-diffusion technique to
uniformly distribute Se within a W,N/C porous C matrix.%”
This configuration leverages both the catalytic activity of W,N
and the adsorption capacity of the C framework. Owing to the
microporous characteristics of the C host (Fig. 9d), sufficient
space was available to accommodate Se species and buffer
their volume variation during cycling. As illustrated in Fig. 9e,
the Se-W,N/C electrode delivered a capacity of 286 mAh g
after 500 cycles at 1 A g~ ". Its amended electrochemical charac-
teristics stem from the strong chemical affinity and high con-
ductivity of W,N, which help suppress polyselenide dissolution
and shuttle effects. Additionally, W,N provides bidirectional
catalytic activity, accelerating both oxidation and reduction
reactions of Se.

3.4. Electrolyte chemistry and interfacial reaction
thermodynamics

In KSeBs, electrolyte chemistry and interfacial reactions play a
crucial role in determining reaction reversibility, shuttle sup-
pression, and long-term cycling stability. During battery oper-
ation, the reduction of electrolyte components and dissolved
polyselenide intermediates leads to the formation of a SEI on
both the cathode surface and the K metal anode.”® The compo-
sition and stability of this SEI layer strongly depend on the
electrolyte formulation, including the solvent system, salt con-
centration, and anion chemistry. Electrolytes with appropriate
solvation structures can regulate the dissolution behavior of
polyselenide intermediates and influence their transport
within the electrolyte.”® In many cases, the formation of in-
organic-rich SEI components such as K fluoride (KF),*° K car-
bonate (K,CO,),*" or K selenide (K,Se)** has been shown to
enhance interfacial stability and suppress the shuttle effect by
limiting the diffusion of soluble intermediates.

From a thermodynamic perspective, the reduction poten-
tials of electrolyte solvents and salt anions determine the pre-
ferential pathways for SEI formation and the resulting inter-
facial composition,® while kinetic factors such as interfacial
charge-transfer resistance and the catalytic activity of the host
material influence the rate of polyselenide conversion and the
evolution of the SEI layer during repeated cycling.®® Although
cathode design plays a central role in determining the electro-
chemical performance of KSeBs, the overall cell stability is also
strongly influenced by the behavior of the anode. Dissolved
polyselenide intermediates generated during Se conversion
reactions can migrate through the electrolyte and react with
the K metal anode, leading to parasitic side reactions, unstable
SEI formation, and gradual loss of the active material, which
ultimately contribute to the shuttle effect and capacity fading
during long-term cycling.*® Therefore, effective suppression of
polyselenide migration requires not only optimized cathode
hosts but also stable anode interfaces. Recent studies have
explored several strategies to address this challenge, including

EES Batteries
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(a) Pictorial representation of the fabrication route for the Se@P-N-C@Mo,C composite. FE-SEM micrograph of (b) P-N-C@Mo,C and (c)

Se@P-N-C@Mo,C NF framework. Reproduced from ref. 52, Copyright 2025, Elsevier B.V. (d) SEM imaging of the Se-W,N/C composite. (e) Cycling
behaviors of Se-W,N/C and Se—C electrodes at 1 A g~*. Reproduced from ref. 67, Copyright 2023, American Chemical Society.

the construction of artificial SEI layers on K metal,® electrolyte
engineering to regulate polyselenide solubility,®* and the devel-
opment of alternative anode materials such as C-based or
alloy-type hosts that exhibit improved interfacial stability.>®%
Considering these coupled cathode-anode interactions is
therefore essential for achieving durable and high-perform-
ance KSeB systems.

4. Conclusions and outlook

Encapsulating Se within C-based matrices has emerged as a
promising method for enhancing the electrochemical behavior

EES Batteries

of KSeBs. The C composites, characterized by their high con-
ductivity, tunable porosity, and large SSAs, facilitate rapid elec-
tron transport and favorable reaction kinetics, while simul-
taneously restricting polyselenide dissolution, suppressing
shuttle effects, and buffering Se’s volume fluctuations during
cycling.** various forms of C hosts have been explored, includ-
ing porous C, hollow C, heteroatom-doped structures,
biomass-derived composites, and Se/C composites constructed
from small molecular precursors.”” Each offers distinct func-
tional benefits: porous carbons accommodate Se expansion
and enable efficient ion diffusion;*” hollow carbons confine
polyselenides within their closed cavities;** heteroatom doping
introduces active sites that enhance both adsorption strength

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and electrical conductivity;** biomass-derived carbons provide
a sustainable and low-cost option;*® and small-molecule-
derived Se/C systems improve reaction kinetics through size-
dependent effects.’® Despite its advantages, this approach still
faces several challenges. The melt-diffusion technique fre-
quently results in nonuniform Se dispersion within the C host,
ultimately limiting the effective utilization of the active
material.®® The C obtained from MOFs or heteroatom-doping
usually requires intricate and expensive preparation steps,
restricting its suitability for large-scale fabrication.>* Biomass-
derived carbons often possess inherently low electrochemical
activity and thus demand further modification.*® In addition,
molecular Se is prone to instability during storage and may
gradually aggregate.”” At high Se loadings, the ability of C
matrices to physically confine Se species is also substantially
diminished."”

Developing chemisorptive hosts is essential for establishing
strong chemical interactions with Se and polyselenides by tai-
loring the chemical composition or surface functionality of C
materials. Such strategies can overcome the limitations of
purely physical confinement and enable more effective anchor-
ing of polyselenides. Enhanced Se-host binding contributes to
improved cycling stability and higher utilization of the active
material in Dbatteries.>® Nevertheless, several challenges
remain. Precisely controlling both the density and strength of
chemisorption sites is difficult; excessive heteroatom doping
or incorporation of polar components may compromise the
intrinsic conductivity of C; and under high Se loading, these
chemical sites may become saturated, failing to prevent polyse-
lenide shuttling.°® Furthermore, the synthesis of these
additional components often involves complex and costly pro-
cedures, limiting scalability. The dynamic evolution of adsorp-
tion processes under real operating conditions, along with
long-term stability and failure mechanisms, also lacks
sufficient in situ investigation, leaving the long-term persist-
ence of chemisorption efficacy uncertain.”®

Incorporating electrocatalysts into KSeBs to strengthen poly-
selenide adsorption and conversion has recently emerged as a
promising research direction. Constructing C-based composites
with porous structures and catalytic sites has been shown to
markedly enhance cycling stability and rate performance.”® This
strategy effectively reduces the energy barriers associated with Se
conversion and accelerates redox kinetics, leading to improved
overall cell behavior.>' Nevertheless, electrocatalytic approaches
still present notable challenges. Catalyst NPs tend to aggregate
or detach during extended cycling due to insufficient interfacial
bonding, resulting in diminished catalytic activity. Additionally,
many synthesis routes involve high-temperature reduction or
elaborate processes, increasing cost and limiting scalability.
Critically, the catalytic mechanisms are not yet fully elucidated,
and the absence of in situ characterization of intermediate poly-
selenides impedes rational catalyst optimization.®” Thus, devel-
oping low-cost, robust catalysts and advancing mechanism-
oriented studies are vital for future practical deployment.

In conclusion, this review systematically discusses the
recent progress in C-based cathodes for KSeBs, focusing on

© 2026 The Author(s). Published by the Royal Society of Chemistry
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approaches such as Se encapsulation, the construction of che-
misorptive C hosts, and electrocatalytic enhancement of redox
reactions. These approaches collectively improve electronic
conductivity, mitigate volume expansion, and suppress polyse-
lenide shuttling through distinct mechanisms. C materials
exhibit several intrinsic advantages for boosting the electro-
chemical performance of KSeBs: their tunable porosity and
high SSA facilitate effective Se confinement and accommodate
volume changes; their conductive frameworks promote rapid
redox kinetics; and heteroatom doping introduces anchoring
sites that impede polyselenide diffusion. Despite significant
advancements, key challenges remain unresolved. Therefore,
this review also outlines several recommendations for further
optimizing C-based cathodes in KSeBs, as summarized in
Fig. 10.

1. Mechanism investigation: in KSeB cathodes, C-based com-
posites function primarily as Se hosts, conductive scaffolds,
and polyselenide-trapping media, thereby enhancing perform-
ance through the combined effects of physical confinement,
chemical adsorption, and conductivity improvement. However,
the existing literature has yet to establish clear quantitative cor-
relations among the pore characteristics of C materials and
their Se uptake, the varying adsorption strengths of polysele-
nides at different heteroatom spots, and mechanistic relation-
ship among Se phase-transition routes (especially the transient
species involved in the Seg — K,Se conversion) and the struc-
tural integrity of C matrices. To address these gaps, advanced
in situ characterization methods, such as in situ XRD and
Raman spectroscopy, should be employed to monitor the evol-
ution of Se species and polyselenides. Coupling these tech-
niques with theoretical calculations (e.g., DFT-based adsorp-
tion energy simulations)**®® will enable deeper insight into
dynamic interactions among C frameworks and Se, thus
guiding the rational design of superior cathode composites.

2. Development of novel composite cathodes: current C-based
cathode composites for KSeBs mainly involve Se/porous C, Se/
heteroatom-doped C, Se/hollow C, and Se/biomass-derived C
materials. Even though these systems display considerable
structural diversity and have markedly improved electro-
chemical performance, there remains a strong need to design
new C composites with even higher activity. Hybridizing C
with graphene, MOFs and MXenes, or incorporating carbides
and nitrides can yield composites with enhanced electro-
chemical behavior. In addition, the integration of artificial
intelligence (AI) to accelerate material screening and optimiz-
ation represents an emerging research frontier.”® Such
advanced composites not only provide fast ion and electron
transport pathways but also suppress polyselenide migration
through strong chemical interactions, thereby improving
overall battery stability. Moreover, refined control over morpho-
logical features offers further opportunities for performance
enhancement, highlighting the great promise of these
materials for future endeavors.

3. Advanced preparation approaches: the melt-diffusion tech-
nique has been extensively used for fabricating Se/C materials
owing to its easiness, low cost, and suitability for batch scale

EES Batteries
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Fig. 10 Outlook for the development and application of C-based cathodes in KSeBs.

production. By finely tuning the pore structure of the C host
and optimizing diffusion temperature, both the homogeneity
and loading efficiency of Se can be greatly improved. Recent
studies have introduced optimized variations of this method.
Microwave-assisted melting, for example, shortens processing
time and mitigates Se volatilization, whereas template-directed
melting enhances the confinement of Se through predefined
pore architectures. In addition, the emergence of new C-based
composite systems is expected to broaden the scope of syn-
thesis and performance enhancement. Beyond melt-diffusion,
alternative methods such as electrospinning are being actively
explored. A comprehensive assessment of the strengths and
limitations of each preparation route, followed by the selection
of suitable strategies, will be essential for advancing the appli-
cation of C-based cathode composites in KSeBs.

4. Operando characterization: a deeper mechanistic under-
standing of Se redox chemistry requires advanced operando
characterization techniques capable of capturing the dynamic
evolution of intermediate species during battery operation. In
particular, the formation, transformation, and dissolution be-
havior of soluble polyselenides remain insufficiently under-
stood under realistic electrochemical conditions. Operando
spectroscopic techniques such as Raman spectroscopy, X-ray
absorption spectroscopy (XAS), and UV-Vis spectroscopy can
provide valuable insights into the chemical states and reaction
pathways of Se species during cycling. Meanwhile, operando
microscopy and synchrotron-based techniques, including
transmission X-ray microscopy and X-ray diffraction, can help
visualize structural evolution and phase transformations in the
cathode. Combining these experimental approaches with
electrochemical analysis would enable a more comprehensive
understanding of polyselenide conversion mechanisms, inter-
facial reactions, and shuttle behavior. Future efforts integrat-
ing multimodal operando characterization with theoretical

EES Batteries

modeling will be essential for clarifying the complex reaction
network of Se cathodes and guiding the rational design of
high-performance Se-based batteries.

5. Promising applications: with the rapid development of
flexible energy-storage systems, KSeBs are emerging as promis-
ing candidates for portable and wearable electronics owing to
their high energy density and the cost advantages of K
resources. By integrating self-supporting, flexible C-based cath-
odes, the inherent flexibility and conductivity of C composites
can be fully exploited to deliver durable power to lightweight,
foldable, and wearable devices. Additionally, the ionic conduc-
tivity of KSeBs remains relatively stable at low temperatures,
enabling their use in wearable devices designed for extreme
environments. As fabrication technologies for C-based cath-
odes continue to improve, scalable production of flexible
KSeBs is anticipated, which will help drive the commercializa-
tion of advanced wearable systems. Furthermore, coupling
KSeBs with energy-harvesting systems, for instance biomecha-
nical or environmental energy capture, may significantly
extend the operating life of self-powered sensors and other sus-
tainable electronic platforms. Such integration offers
enhanced functionality, improved reliability, and greater
energy efficiency, paving the way for next-generation wearable
electronics.

In conclusion, a comprehensive
summary of the recent progress in the development of C-based
composites for KSeBs. Despite notable advancements, several
key issues highlighted above still warrant deeper investigation
and optimization. We anticipate that continued research
efforts will gradually address these challenges, ultimately
enabling the rational design of next-generation Se/C compo-
sites. Overall, the insights presented here are expected to
support the broader applications of C-based composites in
KSeBs and other advanced energy-storage technologies.

this work delivers

© 2026 The Author(s). Published by the Royal Society of Chemistry
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