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Preface

The doctoral thesis was authored by PhD candidate Chen Huang at the Catalonia Institute for
Energy research (IREC) between 2022 and 2025, with funding provided by the China
Scholarship Council. The thesis primarily focuses on electron modulation engineering for
optimizing active cathode host materials in high-performance metal-sulfur batteries (MSBs).
Comprising eight main chapters, the paper begins with an overarching introduction to MSBs,
highlighting the current challenges and the research efforts aimed at overcoming them. Chapter
2 outlines the objectives of the paper, while Chapter 3 details the experimental methods
employed. Chapters 4 through 7 delve into the complexities of MSB, discussing in depth the
various strategies devised to address common challenges. These strategies include: (1)
Designing heterostructures and vacancies engineering (ii) Creating homologous heterogeneous
structures (iii) Developing P-N heterogeneous engineering (iv) Preparing hollow structure (v)
Introducing anion doping strategies. In Chapter 4, the thesis focuses on the synthesis of a
ZnTe/CoTez composite material with vacancies and heterostructures. The incorporation of
vacancies enhances the conductivity of the electrode material, while the designed
heterostructure facilitates Li" diffusion. In Chapter 5, the hollow homogeneous heterostructure
NiS2/NiSex@NC host material is employed in LSBs, promoting changes in the Ni*" spin state.
Chapter 6 focuses on the generation of Se vacancies and lattice distortion in Bi>Se;@C via
introduction doping strategies. Finally, Chapter 7 explores a P-N heterojunction strategy
through the synthesis of Co304-NC@C3N4 electrode materials, elucidating the electron transfer

mechanism and the spin effect on Co**.



Results

As global energy demand continues to rise, the development of high-power and energy-density
energy storage devices becomes increasingly imperative. Among the various options, MSBs
stand out for their ability to store charge through the conversion between chemical and
electrical energy. They offer advantages over traditional lithium-ion batteries, such as high
specific capacity and energy density, as well as the abundance and affordability of elemental
sulfur. However, despite these advantages, MSBs face significant challenges that hinder their
practical application. Poor Conductivity: Elemental sulfur and discharge products like
Li2S/NasS exhibit poor conductivity, impeding electron migration and ion diffusion. Volume
Expansion: During charge and discharge, sulfur experiences significant volume expansion,
leading to reduced cycle life of the host material. Polysulfide Shuttle: Soluble polysulfides
dissolve into the electrolyte, decreasing sulfur utilization efficiency. Addressing these
challenges requires innovative approaches. One promising strategy involves designing
effective catalysts, particularly transition metal compounds (TMCs), which offer high capacity
and redox voltage. However, TMCs often suffer from poor conductivity and structural stability,
limiting their practical application in batteries. To overcome these limitations, this research
proposes several solutions: Defect Engineering: Introducing defects into TMCs can enhance
their conductivity and stability, accelerating the diffusion rate of ions. Heterogeneous
Interfaces: Creating interfaces between TMCs and other materials can improve their
performance by regulating physical properties such as valence state and spin state, thereby
promoting the kinetics of sulfur redox reactions (SRR). Spin regulation: Specifically, the
transition metal ions from a low-spin to a high-spin state, increases the number of unpaired
electrons in transition metal ions. This increase in unpaired electrons enhances the
electrocatalytic activity of the catalysts, which in turn accelerates the redox reactions of sulfur
and polysulfides, ultimately improving the overall performance of the battery. Doping
strategy: Doping enhances the conductivity of cathode materials, facilitating the rapid
transmission of electrons. This reduction in internal resistance leads to improved energy

efficiency and better rate performance. Additionally, doping elements can form strong chemical



bonds with polysulfides, effectively anchoring them to the cathode material. This process helps
to suppress the shuttle effect, minimizing capacity loss and extending the battery's cycle life.
Lattice distortion: Lattice distortion can introduce additional active sites, enhancing the
electrocatalytic activity of electrode materials and thereby accelerating the redox reactions of
sulfur and polysulfides. Furthermore, lattice distortion may alter the crystal structure, creating
more favorable ion migration channels, reducing ion diffusion resistance, and consequently
improving the battery's rate performance and ionic conductivity. By focusing on these strategies,
this research aims to address the key challenges hindering the commercialization of MSBs.
Through the development of effective catalysts and innovative design approaches, the goal is
to unlock the full potential of MSBs paving the way for their widespread adoption in energy
storage applications. The main research contents of this paper are as follows:

In Chapter 4, to enhance the performance of lithium-sulfur batteries (LSBs), the strategy
proposed focused on integrating vacancies and heterojunction engineering into the design of
ZnTe/CoTex@NC host materials. A novel approach for designing sulfur host materials for
LSBs was introduced, leveraging nitrogen-doped carbon (NC) as the base material, coated with
a small amount of transition metal telluride (TMT) catalyst. The optimization of sulfur redox
kinetics was achieved through the modulation of anion vacancy concentration and the design
of ZnTe/CoTe; heterostructures. The incorporation of anion vacancies within the sulfur host at
the cathode of LSBs serves a dual purpose. Firstly, it generally increases the number of carriers
within the crystal and induces changes in the electronic structure near defect sites. Secondly,
activated unpaired cations effectively capture polysulfides, mitigating the shuttle effect.
Additionally, the formation of heterostructures facilitates the diffusion of ions and electrons,
thereby accelerating the conversion reaction. Both theoretical calculations and experimental
data corroborate the efficacy of this approach. Te vacancies were found to enhance the
adsorption of lithium polysulfides (LiPSs), while the resultant TMT/TMT and TMT/C
heterostructures significantly improved Li" diffusion and electron transport. Consequently, the
v-ZnTe/CoTe2@NC/S composite exhibited remarkable performance metrics, including high
specific capacity (up to 1608 mA-h-g™! at 0.1C) and extended cycle life (maintaining 890.8
mA-h-g ! after 100 cycles at 0.1C, even with a reduced electrolyte volume to 7.5 pL-mg™!).

Notably, even under a high sulfur load of 5.4 mg-cm, a substantial capacity of 1273 mA-h-g



! was retained at 0.1C.

In Chapter 5, a homologous heterostructure composed of NiS, and NiSe», encapsulated within
a NC matrix (NiS2/NiSex@NC), was designed to optimize electron spin arrangement and
promote sulfur redox kinetics in LSBs. The synthesized NiS»/NiSe, heterostructure
demonstrated superior catalytic activity when employed as an additive in sulfur cathodes. The
key design feature of the NiS2/NiSe> heterostructure is its ability to induce spin splitting of 3d
orbitals, facilitating the transition of Ni** from low spin to high spin states. This transition
generates additional unpaired electrons, thereby enhancing the electronic energy level and
activating the electronic state. The spin configuration of NiS2/NiSex@NC, coupled with its
hollow structure, synergistically contributes to the promotion of sulfur redox kinetics. The
LSBs utilizing NiS»/NiSex@NC/S cathodes exhibited exceptional electrochemical
performance. A specific capacity of 1458 mAh-g~' was achieved at a 0.1C low current rate.
Even at a high current rate of 5C, a specific capacity of 572 mAh-g! was maintained. The
average capacity decay rate per cycle was only 0.025% after 500 cycles at 1C current rate.
Moreover, the LSBs maintained impressive performance even under challenging conditions:
At a high sulfur loading of 6.2 mg-cm ™2, an initial capacity of up to 1173 mAh-g! (equivalent
to 7.27 mAh-cm™2) was achieved at 0.1C. After 300 cycles, a significant capacity of 1058
mAh-g! was retained, highlighting the stability of the NiS2/NiSe2@NC/S cathode.

In Chapter 6, the robustness of LSBs was achieved through the generation of Se vacancies and
induced lattice distortion in Te-doped Bi2Se3.x@C. The construction of Te-Bi2Se; x@C with Se
vacancies involved the uniform doping of Te atoms into the Bi>Se; lattice. Te doping induces
lattice distortion and alters the local structure of the catalyst. This provides insights into the
relationship between strain and catalytic performance, offering a deeper understanding of how
structural changes impact the electrochemical properties. Te doping-induced vacancies
modulate the electronic structure around atomic defect sites. This leads to an increase in the
number of carriers within the crystal and activates unpaired cations to capture more
polysulfides. These modifications enhance the adsorption capacity and intrinsic catalytic
activity towards polysulfides. Both experimental results and theoretical calculations confirm
that Te atom doping induces lattice distortion and generates ion vacancies. This process adjusts

the coordination environment and electronic structure of Bi atoms, achieving a balance between

10



polysulfide adsorption and intrinsic catalysis. As a result of these advancements, Te-BixSes.
x@C/S demonstrates outstanding electrochemical performance: A specific capacity of 1508
mAh-g! is achieved at a low current density of 0.1C. The specific capacity remains high even
at high current rates, ranging from 1508 mAh-g! at 0.1C to 655.8 mAh-g™! at 5C. After 500
cycles, the material maintains a high specific capacity of 998.7 mAh-g"!, indicating long-term
stability. Even under a high sulfur loading of 6.4 mg-cm™, a specific capacity of 1251 mAh-g"
!is achieved at a current rate of 0.1C.

In Chapter 7, the electron transfer mechanism in the P-N heterostructure of the room
temperature sodium-sulfur batteries (RT-SSBs) Co304-NC(@ C3N4 was investigated. This study
elucidated the intricate process of electron transfer within the P-N heterojunction, shedding
light on its role in enhancing battery performance. The proposed Co304-NC@ C3N4 composite,
comprising hollow tubular C3N4 nanostructures loaded with Co3O4 nanoparticles, serves as a
sulfur host additive. Through theoretical calculations and experimental analyses, the electron
transfer mechanism in the P-N heterojunction was thoroughly examined. The electron transfer
mechanism unfolds as follows: Initially, the N atoms within the C3N4 matrix act as electron
donors, facilitating the transfer of spin electrons to Co within the Co3O4 nanoparticles. This
transfer of spin electrons induces a transition in the spin state of Co from low spin to high spin,
resulting in the generation of additional unpaired electrons within the 3d orbitals for Co.
Concurrently, the spin electrons transferred to Co3Os are subsequently transferred to the
polysulfide species with a lower transfer kinetic barrier. This transfer process effectively
reduces the redox reaction kinetic barrier during the SRR process, thereby enhancing the
overall sulfur redox kinetics. As a consequence of this electron transfer mechanism, the Co3Os-
NC@C3N4/S composite exhibits remarkable electrochemical performance: The specific
capacity ranges from 1143 mAh-g"' at 0.1C to 575 mAh-g' at 5C, demonstrating its ability to
sustain high current densities. Even after 1000 cycles, the composite maintains a current
retention rate of 81.3%, indicating its robust cycling stability.

In summary, the four studies presented above address key challenges in MSBs through the
introduction of heterostructures, vacancy engineering, doping strategies, and P-N
heterojunctions. These innovative approaches significantly enhance the adsorption and

catalytic processes in MSBs. As a result, the host materials developed in these studies exhibit
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outstanding electrochemical performance, characterized by high specific capacity and long
cycle life. Notably, these materials maintain excellent stability even under high loading and

lean electrolyte conditions, further demonstrating their practical applicability.
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Resultados

A medida que la demanda mundial de energia continia aumentando, el desarrollo de
dispositivos de almacenamiento de energia de alta potencia y densidad energética se vuelve
cada vez mas imperativo. Entre las diversas opciones, las baterias de metal-azufre (MSB) se
destacan por su capacidad de almacenar carga a través de la conversion entre energia quimica
y eléctrica. Ofrecen ventajas sobre las baterias tradicionales de iones de litio, como una alta
capacidad especifica y densidad energética, asi como la abundancia y asequibilidad del azufre
elemental. Sin embargo, a pesar de estas ventajas, las MSB enfrentan desafios importantes que
dificultan su aplicacion practica. Mala conductividad: el azufre elemental y los productos de
descarga como Li»S/Na,S exhiben mala conductividad, lo que impide la migracion de
electrones y la difusion de iones. Expansion de volumen: durante la carga y descarga, el azufre
experimenta una expansion de volumen significativa, lo que lleva a una reduccion del ciclo de
vida del material anfitrion. Lanzadera de polisulfuro: los polisulfuros solubles se disuelven en
el electrolito, lo que disminuye la eficiencia de utilizacion del azufre. Abordar estos desafios
requiere enfoques innovadores. Una estrategia prometedora implica el disefio de catalizadores
efectivos, en particular compuestos de metales de transicion (TMC), que ofrecen alta capacidad
y voltaje redox. Sin embargo, los TMC a menudo sufren de mala conductividad y estabilidad
estructural, lo que limita su aplicacion practica en baterias. Para superar estas limitaciones, esta
investigacion propone varias soluciones: Ingenieria de defectos: la introduccion de defectos en
los TMC puede mejorar su conductividad y estabilidad, acelerando la tasa de difusion de iones.
Interfaces heterogéneas: la creacion de interfaces entre compuestos de metales de transicion y
otros materiales puede mejorar su rendimiento al regular las propiedades fisicas como el estado
de valencia y el espin, promoviendo asi la cinética de las reacciones redox del azufre.
Regulacion del espin: especificamente, el cambio de los iones de metales de transicion de un
estado de espin bajo a uno de espin alto aumenta el nimero de electrones desapareados en los
iones de metales de transicion. Este aumento de electrones desapareados mejora la actividad
electrocatalitica de los catalizadores, lo que a su vez acelera las reacciones redox del azufre y

los polisulfuros, mejorando en tltima instancia el rendimiento general de la bateria. Estrategia
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de dopaje: el dopaje mejora la conductividad de los materiales del catodo, facilitando la
transmision rapida de electrones. Esta reduccion de la resistencia interna conduce a una mejor
eficiencia energética y un mejor rendimiento de la velocidad. Ademads, los elementos dopantes
pueden formar fuertes enlaces quimicos con los polisulfuros, anclandolos eficazmente al
material del catodo. Este proceso ayuda a suprimir el efecto lanzadera, minimizando la pérdida
de capacidad y extendiendo la vida til de la bateria. Distorsion reticular: La distorsion reticular
puede introducir sitios activos adicionales, mejorando la actividad electrocatalitica de los
materiales de los electrodos y acelerando asi las reacciones redox del azufre y los polisulfuros.
Ademas, la distorsion reticular puede alterar la estructura cristalina, creando canales de
migracion de iones mas favorables, reduciendo la resistencia a la difusion de iones y, en
consecuencia, mejorando el rendimiento de la bateria y la conductividad i6nica. Al centrarse
en estas estrategias, esta investigacion tiene como objetivo abordar los desafios clave que
obstaculizan la comercializacion de los MSB. A través del desarrollo de catalizadores efectivos
y enfoques de disefio innovadores, el objetivo es liberar todo el potencial de los MSB allanando
el camino para su adopcidn generalizada en aplicaciones de almacenamiento de energia. Los
principales contenidos de investigacion de este articulo son los siguientes:

En el Capitulo 4, para mejorar el rendimiento de las baterias de litio y azufre (LSB), la
estrategia propuesta se centrd en integrar las vacantes y la ingenieria de heterojuncion en el
disenio de materiales hospedantes de ZnTe/CoTex@NC. Se introdujo un nuevo enfoque para
disefiar materiales hospedantes de azufre para LSB, aprovechando el carbono dopado con
nitrogeno (NC) como material base, recubierto con una pequefia cantidad de catalizador de
telururo de metal de transicion (TMT). La optimizacion de la cinética redox del azufre se logréd
mediante la modulaciéon de la concentracion de vacantes de aniones y el disefio de
heteroestructuras de ZnTe/CoTe;. La incorporacion de vacantes de aniones dentro del
hospedante de azufre en el catodo de las LSB tiene un doble proposito. En primer lugar,
generalmente aumenta el nimero de portadores dentro del cristal e induce cambios en la
estructura electronica cerca de los sitios de defectos. En segundo lugar, los cationes
desapareados activados capturan eficazmente los polisulfuros, mitigando el efecto lanzadera.
Ademas, la formacién de heteroestructuras facilita la difusion de iones y electrones, acelerando

asi la reaccion de conversion. Tanto los célculos tedricos como los datos experimentales
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corroboran la eficacia de este enfoque. Se descubri6 que las vacantes de Te mejoran la
adsorcion de polisulfuros de litio (LiPSs), mientras que las heteroestructuras TMT/TMT y
TMT/C resultantes mejoraron significativamente la difusion de Li* y el transporte de electrones.
En consecuencia, el compuesto v-ZnTe/CoTex@NC/S exhibi6 métricas de rendimiento
notables, incluida una alta capacidad especifica (hasta 1608 mA-h-g! a 0,1 C) y una vida ttil
prolongada (manteniendo 890,8 mA-h-g”! después de 100 ciclos a 0,1 C, incluso con un
volumen de electrolito reducido a 7,5 pL-mg ). Cabe destacar que, incluso bajo una alta carga
de azufre de 5,4 mg-cm 2, se mantuvo una capacidad sustancial de 1273 mA-h-g'a 0,1 C.

En el Capitulo 5, se disend una heteroestructura homologa compuesta de NiS> y NiSeo,
encapsulada dentro de una matriz de carbono dopada con nitrogeno (NiS2/NiSex@NC), para
optimizar la disposicion de espin de los electrones y promover la cinética redox del azufre en
los LSB. La heteroestructura NiS»/NiSe> sintetizada demostr6 una actividad catalitica superior
cuando se emple6d como aditivo en catodos de azufre. La caracteristica clave del disefio de la
heteroestructura NiS»>/NiSe» es su capacidad para inducir la division de espin de los orbitales
3d, lo que facilita la transicion de Ni** de estados de espin bajo a espin alto. Esta transicion
genera electrones desapareados adicionales, mejorando asi el nivel de energia electronica y
activando el estado electronico. La configuracion de espin de NiS»/NiSex@NC, junto con su
estructura hueca, contribuye sinérgicamente a la promocion de la cinética redox del azufre. Los
LSB que utilizan catodos NiSyNiSex@NC/S exhibieron un rendimiento electroquimico
excepcional. Se logro una capacidad especifica de 1458 mAh-g™! a una tasa de corriente baja
de 0,1 C. Incluso a una tasa de corriente alta de 5 C, se mantuvo una capacidad especifica de
572 mAh-g™!. La tasa de disminucion de capacidad promedio por ciclo fue solo del 0,025 %
después de 500 ciclos a una tasa de corriente de 1 C. Ademads, los LSB mantuvieron un
rendimiento impresionante incluso en condiciones dificiles: con una alta carga de azufre de 6,2
mg-cm 2, se logrd una capacidad inicial de hasta 1173 mAh-g! (equivalente a 7,27 mAh-cm™
2)a 0,1 C. Después de 300 ciclos, se mantuvo una capacidad significativa de 1058 mAh-g™!, lo
que resalta la estabilidad del catodo NiS»/NiSe>@NC/S.

En el Capitulo 6, la robustez de los LSB se logré a través de la generacion de vacantes de Se y
la distorsion de red inducida en Bi2Se3;@C dopado con Te. La construccion de Te-BixSes.x@C

con vacantes de Se implicé el dopaje uniforme de atomos de Te en la red de Bi>Ses. El dopaje
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con Te induce una distorsion de red y altera la estructura local del catalizador. Esto proporciona
informacion sobre la relacion entre la deformacion y el rendimiento catalitico, ofreciendo una
comprension mas profunda de como los cambios estructurales afectan las propiedades
electroquimicas. Las vacantes inducidas por el dopaje con Te modulan la estructura electronica
alrededor de los sitios de defectos atomicos. Esto conduce a un aumento en el nimero de
portadores dentro del cristal y activa cationes no apareados para capturar mas polisulfuros.
Estas modificaciones mejoran la capacidad de adsorcion y la actividad catalitica intrinseca
hacia los polisulfuros. Tanto los resultados experimentales como los calculos teoricos
confirman que el dopaje de atomos de Te induce una distorsion de red y genera vacantes ionicas.
Este proceso ajusta el entorno de coordinacién y la estructura electronica de los d&tomos de Bi,
logrando un equilibrio entre la adsorcion de polisulfuro y la catélisis intrinseca. Como resultado
de estos avances, Te-Bi2Se3x@C/S demuestra un rendimiento electroquimico excepcional: se
logra una capacidad especifica de 1508 mAh-g™! a una baja densidad de corriente de 0,1 C. La
capacidad especifica se mantiene alta incluso a altas tasas de corriente, que van desde 1508
mAh-g! a 0,1 C hasta 655,8 mAh-g!' a 5 C. Después de 500 ciclos, el material mantiene una
alta capacidad especifica de 998,7 mAh-g’!, lo que indica estabilidad a largo plazo. Incluso con
una alta carga de azufre de 6,4 mg-cm™, se logra una capacidad especifica de 1251 mAh-g' a
una tasa de corriente de 0,1 C.

En el Capitulo 7, se investigd el mecanismo de transferencia de electrones en la
heteroestructura P-N de las baterias de sodio-azufre a temperatura ambiente (RT-SSBs) C0304-
NC@CsNa. Este estudio dilucidé el intrincado proceso de transferencia de electrones dentro de
la heterojuncion P-N, arrojando luz sobre su papel en la mejora del rendimiento de la bateria.
El compuesto Co304-NC@C3N4 propuesto, que comprende nanoestructuras C3Ny4 tubulares
huecas cargadas con nanoparticulas de Co304, sirve como un aditivo anfitrién de azufre. A
través de calculos tedricos y analisis experimentales, se examind a fondo el mecanismo de
transferencia de electrones en la heterojuncion P-N. El mecanismo de transferencia de
electrones se desarrolla de la siguiente manera: Inicialmente, los atomos de N dentro de la
matriz C3N4 actian como donadores de electrones, facilitando la transferencia de electrones de
espin a Co dentro de las nanoparticulas de Co3O4. Esta transferencia de electrones de espin

induce una transicion en el estado de espin de Co de espin bajo a espin alto, lo que da como
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resultado la generacion de electrones desapareados adicionales dentro de los orbitales 3d para
Co. Al mismo tiempo, los electrones de espin transferidos a Co30s se transfieren
posteriormente a las especies de polisulfuro con una barrera cinética de transferencia mas baja.
Este proceso de transferencia reduce eficazmente la barrera cinética de la reaccion redox
durante el proceso de reaccion de reduccion de azufre (SRR), mejorando asi la cinética redox
general del azufre. Como consecuencia de este mecanismo de transferencia de electrones, el
compuesto Co304-NC@C3N4/S exhibe un rendimiento electroquimico notable: la capacidad
especifica varia de 1143 mAh-g' a 0,1 C a 575 mAh-g"' a 5 C, lo que demuestra su capacidad
para soportar altas densidades de corriente. Incluso después de 1000 ciclos, el compuesto
mantiene una tasa de retencion de corriente del 81,3 %, lo que indica su robusta estabilidad
ciclica.

En resumen, los cuatro estudios presentados abordan desafios clave en los MSB mediante la
introduccién de heteroestructuras, ingenieria de vacantes, estrategias de dopaje y
heterojunciones P-N. Estos enfoques innovadores mejoran significativamente los procesos de
adsorcion y cataliticos en los MSB. Como resultado, los materiales huésped desarrollados en
estos estudios exhiben un rendimiento electroquimico excepcional, caracterizado por una alta
capacidad especifica y una larga vida util. Cabe destacar que estos materiales mantienen una
excelente estabilidad incluso en condiciones de alta carga y electrolito pobre, lo que demuestra

aun mas su aplicabilidad practica.
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Acronyms

Backscattered electrons (BSE)

Cyclic voltammetry (CV)

Extended x-ray absorption fine structure (EXAFS)
Electrochemical impedance spectroscopy (EILS)
Electron Paramagnetic Resonance (EPR)
Galvanostatic charge-discharge (GCD)
High-resolution scanning electron microscopy (HR-TEM)
Lithium polysulfides (LiPSs)

Lithium-sulfur batteries (LSBs)

Metal-organic frameworks (MOFs)

Metal-sulfur batteries (MSBs)

Nitrogen-doped carbon (NC)

One-dimensional (1D)

Polyethylenimine functionalized carbon-carbon quantum dots (PEI-CDots)
Room temperature sodium-sulfur batteries (RT-SSBs)
Single-atom catalysts (SACs)

Secondary electrons (SE)

Solid electrolyte interface (SEI)

Sodium polysulfides (SPSs)

Sulfur reduction reaction (SRR)

Thermogravimetric analysis (TGA)

Two-dimensional (2D)

Three-dimensional (3D)

Transmission electron microscopy (TEM)

Transition metal compounds (TMCs)

Transition metal oxides (TMOs)

Transition metal sulfides (TMSs)
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Transition metal selenides (TMSes)

Transition metal telluride (TMT)

UV-Vis absorption spectroscopy (UV-vis)
X-ray absorption near edge structure (XANES)
X-ray absorption spectroscopy (XAS)

X-ray diffraction (XRD)

X-ray photoelectron spectroscopy (XPS)
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19



Chapter 1
INTRODUCTION

20



1. Introduction

1.1 Background

In recent years, amidst the growing global calls for carbon neutrality and peaking emissions,
there has been a significant drive towards the development of multifunctional energy storage
devices.!* This surge in interest is primarily fueled by the imperative to reduce reliance on
traditional energy sources to achieve carbon neutrality.>® The urgent need for transitioning
from conventional energy sources to renewable alternatives is underscored by this goal. Within
the realm of renewable energy development, the advancement of energy storage technology
has emerged as a critical focus.”!" This is because such technology not only mitigates the
inherent intermittency and variability of renewable energy sources but also improves the
overall efficiency of energy conversion systems.

Lithium-ion batteries have entrenched themselves as a dominant force in the energy storage
market, boasting mature technology with high conversion efficiency and rapid response
times.'?"'* However, as the demand for battery performance escalates alongside the surge in
electric vehicles and next-generation energy systems, the limitations of lithium-ion batteries
are becoming apparent.'>"!¢ Their energy density falls short of meeting the burgeoning market
demands. In response, there is a pressing need to develop energy storage devices with higher
energy density and specific capacity. MSBs have emerged as a promising candidate, garnering
widespread attention from researchers for their remarkable energy density and specific capacity
(Figure 1-1).1722 For instance, in LSBs, the theoretical specific capacity can reach up to 1675
mAh g!, with an energy density as high as 2600 Wh kg™'.*-** Moreover, MSBs utilize sulfur
as the positive electrode material, which offers the dual advantages of low cost and natural
abundance.? This inherent characteristic further enhances the appeal of these batteries, driving

intensive research and development efforts in the field.
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Figure 1-1. Comparison of energy density and capacity for different energy storage devices.?

Reproduced with permission from Ref. [2°I. Copyright 2020, Royal Society of Chemistry.
1.2 Reaction mechanism of LSBs

LSBs are rechargeable battery systems with sulfur as the cathode (1675 mAh g') and lithium
metal as the anode (3860 mAh g'!).2%27 28 They typically use ether-based electrolytes (or solid-
state electrolytes) and employ porous separators. During the initial charge and discharge
processes, the main reaction involves the conversion of Sg to Li>S. The chemical equations in
the battery are as follows:?*2
Discharge process:

Sg+ 16Li* + 16e~ — 8Li,S 1-1)
Charge process:

8Li,S - Sg + 16Li* + 16e~ 1-2)
These reactions describe the conversion between Sg and Li", where Li" move between the
electrolyte and electrode materials during charging and discharging processes.
In this high theoretical capacity reaction, with a theoretical capacity of 1675 mAh g!, S is
reduced to LixS during discharge, while during charging, Li2S is oxidized to Sg. Compared to
other energy storage devices, the reaction process of LSBs is more complex due to the necessity
for each sulfur atom to undergo a complex two-electron oxidation-reduction reaction.
During discharge, LSBs typically undergo two plateaus. Firstly, Sg is reduced to soluble

polysulfides Sk 2 (4 < k < 8), and then these soluble polysulfides are further reduced to solid
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Li,S. This process can be represented as a solid-liquid-solid transformation. Specifically, when
the discharge voltage stabilizes at around 2.35 'V, the obtained capacity represents 25% of the
theoretical total capacity (~ 419 mAh g™!). The electrochemical reduction process in this part
mainly involves two stages. Initially, solid Sg undergoes migration reactions with Li" and
electrons to form soluble long-chain Li»Sg. Subsequently, Li>Sg undergoes single-phase liquid-
liquid reactions to be reduced to lower-order polysulfides (Sk 2, k>4). When the discharge
plateau is < 2.1V, corresponding to the further reduction of lower-order polysulfides to solid
products (Li2S2/L12S), this portion of capacity constitutes 75 % of the theoretical total capacity
(~1256 mAh g ).

This process also undergoes two stages of electrochemical reduction. In the first stage,
dissolved lower-order polysulfides are reduced to insoluble Li,S; or LixS, which involves a
slow two-phase reaction between liquid and solid phases. In the final stage, Li»S; is ultimately
reduced to Li;S. These two low-electrical conductivity solid-phase transition processes can
lead to significant polarization and slow sulfur reduction kinetics. During the charging stage,
reversible solid-liquid-solid reactions occur, wherein Li>S is converted to elemental Sg via

dissolved intermediate polysulfides (Figure 1-2 a-b).
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Figure 1-2. (a) Schematic configuration of Li-S battery.>* Reproduced with permission from
Ref.?4l. Copyright 2014, American Chemical Society. (b) Typical charge-discharge voltage
profiles and corresponding reaction mechanism of Li-S battery.>> Reproduced with permission

from Ref.*3]. Copyright 2017, Wiley-VCH.
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1.3 Reaction mechanism of RT-SSBs

The cathode of the RT-SSBs system undergoes a reversible double-electron reaction between
Na" and Ss. the RT-SSBs mainly consists of a sulfur positive electrode, a sodium negative
electrode, a glass fiber separator, and an ester electrolyte. The sulfur cathode can provide a high
theoretical specific capacity of 1675 mA h g™!, primarily involving the conversion between Sg
and Na,S, as shown in the reaction equation:*¢3*
Sg + 16Na - 8Na,S (1-3)

However, multiple complex chemical reactions typically occur on the cathode. The operating
voltage of the RT-SSBs generally ranges from 0.8 to 2.8 V, mainly due to sulfur oxidation-
reduction reactions within this voltage range. Normally, sulfur exists in the form of cyclical Ss.
During discharge, Sg gradually reduces to form long-chain polysulfides (NaxSg, NasSe),
middle-chain polysulfides (Na>S4, Na,S3), and ultimately short-chain polysulfides (Na,S; and
NaxS) at 0.8 V. During charging, short-chain polysulfides are continuously oxidized to form
middle-chain polysulfides and finally long-chain polysulfides within the 0.8-2.8 V range.
Using Sg as the initial cathode material, the primary reaction occurs at a voltage of 2.2 V, where
Sg is reduced to form long-chain sodium polysulfides (SPSs) via a solid-liquid reaction:*% 34
(Figure 1-2 a-b)

Sg+ 2Na*™ + 2e~ - Na,Sg (1-4)

3Na,Sg + 2Na* + 2e~ - 4Na,S, (1 —15)
In the subsequent steps, the reactions involve voltages between 2.2 and 1.65 V, representing a
liquid-liquid reaction from long-chain SPSs to middle-chain SPSs:

4Na,S¢ + 4Na* + 4e~ - 6Na,S, (1—6)
At a voltage of 1.65V, the main reaction involves a liquid-solid reaction of NayS4 to produce
short-chain NPSs:

3Na,S, + 2Na* + 2e~ - 4Na,S; (1-7)

Na,S, + 2Na* + 2e~ - 2Na,S, (1—28)
Finally, at voltages below 1.2V, a solid-solid reaction occurs:

Na,S, + 2Na* + 2e~ - 2Na,S (1-9)

In summary, the reactions involving SPSs are simultaneous, making the conversion reactions
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relatively complex. Furthermore, during the reduction of long-chain SPSs to short-chain SPSs,
SPSs dissolve into the electrolyte. Additionally, the poor conductivity of insoluble short-chain

SPSs like Na>S> and NaxS may lead to sluggish reaction kinetics.
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Figure 1-2. (a) Schematic diagram of the principle of the redox reaction of sulfur cathode for
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the RT-SSBs. (b) Theoretical versus practical discharge capacities.” Reproduced with

permission. Reproduced with permission from Ref. (!l Copyright 2014, Wiley-VCH.

1.4 The challenges for MSBs

1.4.1 Sulfur cathode

In practical applications, MSBs face the following challenges for sulfur cathode.

1) During the cycling of batteries, dissolved reaction intermediates can result in the depletion
of active materials. In particular, intermediate long-chain polysulfides (such as Li/Na;S4 to
Li/NaxSg) tend to dissolve readily in the electrolyte, causing continuous dissolution of active
materials into the electrolyte.**** As a consequence, some active materials may remain in a
dissolved state, hindering their effective participation in the charge and discharge processes.
This, in turn, diminishes the energy density and power density of the battery.

2) The conductivity of the cathode material sulfur and its reaction product lithium/sodium
sulfide is relatively low.***> This characteristic impedes the mobility of ions within the
electrode. Consequently, during the discharge process, lithium/sodium sulfide may precipitate
on the cathode surface, forming an insulating layer. This insulating layer can lead to the
development of an insulating interface on the cathode surface, thereby impacting the cycling

performance of the cathode.

25



3) During the process of lithium/sodiumization, sulfur experiences considerable volume
changes.***’ This is primarily because there exists a density disparity between sulfur and
polysulfides. Consequently, a significant expansion in volume occurs when sulfur undergoes
complete lithium/sodium conversion into lithium and sodium sulfide. Conversely, during the
reverse process, the volume undergoes a sharp contraction. This change in volume can result

in the collapse and damage of the electrode structure.

1.4.2 Metal anode

In addition, MSBs also face some challenges at the anode.

1) The shuttle effect presents a significant challenge for MSBs. This phenomenon involves
the dissolution of long-chain polysulfides in the electrolyte, which can migrate to the anode
through chemical reduction and form low-valent compounds. These compounds are not
constrained by polarity, allowing some of them to return to the sulfur cathode and undergo
oxidation once again. The shuttle effect leads to a decrease in the charge and discharge capacity
of the battery system and lowers the coulombic efficiency during cycling. Moreover, it results
in severe self-discharge during standing periods, significantly diminishing the practical utility
of MSBs.

2) Uneven deposition at the solid electrolyte interface (SEI) presents another challenge for
MSBs. At the interface between the metal negative electrode and the electrolyte, a reaction
occurs between the electrolyte and the negative electrode material, forming a SEI film. While
this SEI membrane permits ion passage, it inhibits electron flow. However, in many instances,
the SEI is not uniformly dense and contains various pores. These pores enable continued
contact and reaction between the electrolyte and the negative electrode material, leading to the
ongoing consumption of metal and electrolyte. Consequently, this results in reduced
reversibility and a shortened service life of the battery.

3) Metal dendrite growth poses another significant challenge. Due to the non-uniformity of
metal deposition, dendrite formation can occur. These dendrites can lead to extensive rupture
of the SEI film, resulting in further consumption of metal and electrolyte, thereby impacting

the battery's lifespan. Additionally, locally thickened SEI films can increase impedance,

26



consequently reducing coulombic efficiency.

1.5 Technical modification

1.5.1 Modification of cathode materials

1.5.1.1 Carbon materials

Carbon materials offer numerous advantages, including excellent electrical conductivity, high
porosity, strong adsorption capacity, and cost-effectiveness.**>? By utilizing carbon materials
to construct a conductive network, it is possible to address the insulation deficiencies of sulfur
elements. The porosity of carbon materials facilitates the uniform distribution of sulfur into the
interstices, thereby enhancing sulfur loading and providing additional active sites. Moreover,
the intricate pore structure of carbon materials can physically constrain polysulfide locations,
preventing their dissolution and diffusion, and thus mitigating the "shuttle effect". Additionally,
the superior mechanical strength and porous structure of carbon materials can alleviate the
volume expansion and contraction issues that occur during charging and discharging in MSBs.
Currently, sulfur/carbon composites, including sulfur/porous carbon,*® sulfur/carbon
nanotube,> sulfur/graphene,®® and sulfur/carbon fiber composites,’® are extensively studied.
Through systematic design and fabrication, these materials can effectively enhance the
performance of MSBs, thereby opening up new possibilities for their application in energy

storage.
1.5.1.2 Transition metal oxides (TMOs)

TMOs typically contain oxygen anions, giving them highly polar surfaces.’” Due to the strong
bonding between metal and oxygen in TMOs, they are less soluble in most organic solvents. In
comparison, nano TMOs have more polar active sites than nano carbon materials, which can
be utilized for adsorbing polysulfides.’® Additionally, TMOs can significantly enhance the

volumetric energy density of MSBs.
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1.5.1.3 Transition metal sulfides (TMSs)

With the continuous advancement of synthetic methods for TMSs, researchers have begun to
explore their application in the cathode materials of MSBs.>*®! TMSs exhibit strong affinity
with sulfur-containing substances, thereby effectively limiting the loss of active materials in
the cathode.®® This characteristic is crucial for MSBs as one of their main challenges is the
dissolution and diffusion of sulfur, leading to a decrease in battery performance. By
incorporating TMSs into the cathode material, the dissolution and diffusion of sulfur can be
effectively suppressed, thereby improving the battery's cycle life and energy density.**

One potential advantage of TMSs as cathode materials for MSBs are their abundant
controllability.®® By adjusting the synthesis methods, material structure, and composition,
precise design of TMSs materials can be achieved to meet the requirements of different battery
applications. Additionally, TMSs possess high conductivity and chemical stability, which
contribute to enhancing the performance of the battery.®+>

Although TMSs hold promising prospects for application in MSBs, they also face challenges
such as improving material synthesis cost, cycle stability, and kinetic performance. Therefore,
continuous in-depth research and development are needed in the future to realize the

commercial application of TMSs in MSBs.
1.5.1.4 Transition metal selenides (TMSes)

TMSes are compounds composed of transition metals and selenium. They possess unique
physical and chemical properties, including high electrical conductivity, excellent catalytic
activity, and good chemical stability.®® TMSes include cobalt selenide (CoSe),%” nickel selenide
(NiSe),%® molybdenum diselenide (MoSe>),%’ and tungsten diselenide (WSe2).**"° Due to their
abundant surface active sites and variable oxidation states, TMSes are extensively researched
and applied in fields such as electrochemical energy storage, catalysis, and sensing.
Advantages in Electrochemical Energy Storage

TMSes exhibit significant advantages in the field of electrochemical energy storage, primarily
in the following aspects:

1. High Electrical Conductivity
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TMSes typically have high electrical conductivity, which helps to improve the overall
conductivity of electrode materials. This enhancement in conductivity boosts the efficiency of
electrochemical reactions, which is crucial for the charge and discharge processes of batteries.
Consequently, TMSes can effectively reduce resistance, increasing both energy density and
power density of the batteries.

2. Multiple Oxidation States

The metal elements in TMSes can exist in various oxidation states, endowing them with high
catalytic activity in electrochemical reactions. For instance, in LSBs, TMSes can effectively
catalyze the conversion of polysulfides, increasing sulfur utilization and enhancing battery
performance

3. Rich Active Sites

The surfaces of selenide materials are typically rich in active sites, which contribute to
increasing the rate and efficiency of electrochemical reactions. This is particularly
advantageous in electrocatalytic reactions

4. Corrosion Resistance

TMSes possess good corrosion resistance and chemical stability, allowing them to remain
stable in the working environment of batteries and reducing the degradation of electrode
materials

5. Stable Structure

These materials have stable crystal structures, which provide excellent long-term cycling
stability, thereby improving the lifespan of batteries.

6. Tunable Physical and Chemical Properties

Through adjustments in synthesis methods, the morphology and structure of TMSes can be
precisely controlled at the nanoscale. This optimization can enhance their physical and
chemical properties. For example, altering the morphology of selenides can increase their
surface area and the number of active sites.

Multifunctional Applications

Lithium-Ion Batteries: TMSes used as electrode materials in lithium-ion batteries exhibit high
capacity and long cycle life, significantly boosting the energy density of the batteries.

Sodium-Ion Batteries: Similarly, TMSes demonstrate good electrochemical performance in
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sodium-ion batteries, making them a promising alternative to lithium-ion batteries.
Supercapacitors: In supercapacitors, TMSes provide high power density and energy density
due to their high conductivity and large surface area.

LSBs: TMSes can effectively catalyze the conversion of sulfur compounds, increasing sulfur
utilization and reducing polysulfide dissolution and loss, thus improving the performance of
LSBs.

TMSes offer remarkable advantages in electrochemical energy storage, including high
electrical conductivity, excellent catalytic activity, good chemical stability, and tunable
physical and chemical properties. These features make TMSes highly promising materials for
various energy storage devices. With further material design and engineering optimization, the

application prospects of TMSes will become even broader.
1.5.1.5 Transition metal tellurides (TMTs)

TMTs are compounds composed of transition metals and tellurium. They exhibit unique
physical and chemical properties, including high electrical conductivity, excellent catalytic
activity, and good thermal stability. TMTs include nickel telluride (NiTez),’! cobalt telluride
(CoTez),”? zinc telluride (ZnTe),”* and molybdenum telluride (MoTez),”*. Due to their diverse
chemical compositions and unique crystal structures, these materials are widely used in
electronic devices, optoelectronic devices, thermoelectric materials, and electrochemical
energy storage.

TMTs exhibit several advantageous properties that make them highly suitable for use in MSBs,
such as LSBs and RT-SSBs. These advantages include high electrical conductivity, strong
catalytic activity, and excellent stability, which are crucial for enhancing the performance of
MSBs.

1. High Electrical Conductivity

TMTs generally have high electrical conductivity, which is essential for improving the overall
conductivity of the electrode materials in MSBs. This enhanced conductivity facilitates
efficient charge transfer and reduces the internal resistance of the battery, thereby improving

its energy density and power output.
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2. Strong Catalytic Activity

TMTs possess excellent catalytic properties that can significantly enhance the redox reactions
of sulfur species. Their catalytic activity helps in the effective conversion of polysulfides during
the charge and discharge cycles, mitigating the shuttle effect (the migration of polysulfides
between the cathode and anode) and improving the utilization of sulfur. This leads to higher
specific capacities and better cycling stability.

3. Enhanced Polysulfide Adsorption

The surface of TMTs provides abundant active sites that can strongly adsorb polysulfide
intermediates. This adsorption capability helps in retaining the polysulfides within the cathode
region, reducing their dissolution and preventing capacity loss. This property is particularly
beneficial for maintaining the long-term stability of MSBs.

4. Structural Stability

TMTs exhibit excellent structural stability, which is crucial for the longevity and durability of
MSBs. Their robust structure can withstand the volume changes associated with the repeated
formation and dissolution of sulfur species during cycling, thereby preventing electrode
degradation and extending the battery's lifespan.

5. Tunable Properties

The physical and chemical properties of TMTs can be finely tuned through various synthesis
methods. By adjusting parameters such as particle size, morphology, and composition, it is
possible to optimize the performance of TMTs for specific applications in MSBs. For instance,
increasing the specific surface area can enhance the active sites available for sulfur reactions,
while modifying the electronic structure can improve catalytic efficiency.

6. Formation of Heterostructures

TMTs can form heterostructures with other materials, which can further enhance their
performance in MSBs. These heterostructures can create synergistic effects that improve ionic
and electronic conductivity, enhance catalytic activity, and provide better structural integrity.
The combination of different materials in a heterostructure can also introduce built-in electric
fields, promoting faster ion diffusion and charge transfer.

7. Multi-Valent States

Transition metal elements in tellurides can exist in multiple valence states, enabling them to
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participate in various redox reactions. This multivalence provides additional pathways for
electron transfer, enhancing the overall electrochemical performance of the battery. It also
contributes to better charge storage capacity and improved cycling stability.

TMTs offer a range of advantages that make them highly effective for use in MSBs. Their high
electrical conductivity, strong catalytic activity, excellent polysulfide adsorption capabilities,
structural stability, and tunable properties contribute to enhanced battery performance. By
leveraging these unique properties, TMTs can significantly improve the energy density,
efficiency, and longevity of MSBs, making them a promising material for next-generation

energy storage solutions.
1.5.1.6 Sulfur/conductive polymer

Sulfur/conductive polymer composite materials combine the advantages of sulfur and
conductive polymers. Conductive polymers exhibit good conductivity, promoting electron
transfer efficiency, and possess good toughness, which can alleviate sulfur volume changes
during cycling.””7¢ In the early stages of research, researchers primarily used polymers as
coating materials for the cathode of MSBs.

As understanding of MSBs deepens, sulfur/conductive polymer composite materials have
gradually become important components of MSBs for cathode.”®”® This composites not only
provide good conductivity and mechanical support but also effectively limits sulfur dissolution
and diffusion, thereby improving the battery's cycle life and energy density.

Furthermore, sulfur/conductive polymer composites offer design flexibility, allowing precise
control of battery performance by adjusting the composition and structure of the materials. For
example, variations in the type and content of conductive polymers, as well as the dispersion
state and loading of sulfur, can meet the requirements of different battery applications.
Therefore, sulfur/conductive polymer composite materials hold broad prospects in the field of

MSBs, offering new solutions to address the challenges faced by MSBs.

1.5.2 Morphology classification

Due to the poor ionic conductivity and electrolyte wettability of sulfur, metal ions (such as Li",
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Na', etc.) exhibit significant energy barriers for migration throughout the cathode. To accelerate
the kinetics of sulfur oxidation-reduction, the morphology of host materials can be modified to
enhance the migration rate of metal ions within the cathode. Host materials for sulfur can be
classified based on dimensions into zero-dimensional (0D), one-dimensional (1D), (two-

dimensional (2D), and three-dimensional (3D) structures.
1.5.2.1 Zero-dimensional structures (0D)

In 0D structures, nanoparticles and nanoclusters are predominantly found.”-*° This architecture
boasts a high surface area and short ion transport pathways, which facilitate an increase in the
electrochemical reaction rate. Quantum dots and clusters represent examples of 0D materials.
However, due to the tendency of 0D materials to aggregate, they are not suitable for standalone
use as sulfur host materials. To address the challenges associated with 0D materials in practical
applications, a combination of 0D materials and carbon is often employed. This combination
leads to composite materials with close to 100 % exposed sites, significantly enhancing
performance in the realm of energy storage. For instance, Xiong et al. devised a composite
cathode incorporating polyethylenimine functionalized carbon-carbon quantum dots (PEI-
CDots) for sulfur-based batteries.®! This composite exhibited notable cycling stability and high
areal sulfur loading, primarily attributed to the enhancement of ionic conductivity around the

solid-electrolyte interface facilitated by the carbon quantum dots (Figure 1-3).
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Figure 1-3. Synthesis process of PEI-CDots@AB/S cathode.®' Reproduced with permission.!!]

Copyright 2019, Wiley-VCH.
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1.5.2.2 One-dimensional structures (1D)

In 1D structures, materials are typically arranged in lines or fibers, such as nanowires®? and
nanorods.®*-%* The longitudinal orientation of this structure provides rapid ion diffusion
pathways, thereby enhancing the reaction rate. Initially, carbon nanotubes and carbon fibers

were recognized as effective carriers for sulfur immobilization in MSBs,>* 8587

owing to their
high specific surface area, pore volume, and robust physical confinement capabilities against
polysulfides. Electrospinning, compared to traditional gas/liquid phase growth synthesis
methods, holds significant promise for fabricating one-dimensional inorganic compounds with
adjustable porosity and structure.3%%°

For instance, Yao et al. synthesized a dual-functional flexible free-standing carbon nanofiber
conductive framework in situ embedded with TiN-VN heterostructures (TiN-VN@CNFs) as
an advanced host simultaneously for both the sulfur cathode (S/TiN-VN@CNFs) and the
lithium anode (Li/TiN-VN@CNFs) is designed (Figure 1-4). The synergistic effects of TiN-

VN and one-dimensional carbon fibers endow the host material with exceptional catalytic and

adsorption properties in LSBs.”

S loading
” N-VN Cathode
© d < -
® ® = °
- Anode
. - 3
TiN-VN@CNFs Li/TiN-VN@CNFs e

B cNFs (D TiN-VN Heterostructure | S Li © Electrolyte

Figure 1-4. (a) Synthesis schematic for the S/TiN-VN@CNFs cathode and the Li/TiN-
VN@CNFs anode. (b) Schematic diagram of the S/TiN-VN@CNFs|| Li/TiN-VN@CNFs full

battery configuration.”® Reproduced with permission. °°) Copyright 2020, Wiley-VCH.
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1.5.2.3 Two-dimensional structures (2D)

2D materials are proving to be valuable as emerging cathode hosts due to their infinite lateral
dimensions (Figure 1-5).°! These materials are studied based on differences in anisotropy and
the crystal planes exposing catalytically active sites, with a focus on carbon materials, sheet
metal oxides/selenides/nitrides,”? layered metal hydroxides,”> and metal-organic frameworks
(MOFs).** The relatively weak van der Waals force between atoms in 2D layered materials
allows for the acceleration of metal ion diffusion by increasing the interlayer spacing.

For example, Xiong et al. designed layered silicate materials with larger interlayer spacing,
effectively reducing the diffusion barrier for Li*. This approach enhances the performance of

the cathode by facilitating faster ion diffusion.’®
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Figure 1-5. Applications of Ti3Cz Tx MXene. Reproduced with permission.[*®! Copyright 2018,
Wiley-VCH.

1.5.2.4 Three-dimensional structures (3D)

3D electrode materials are extensively employed in MSBs owing to their diverse morphology.

1, 97

Research on three-dimensional materials primarily explores hollow, *° core-shell, °” and multi-

shell ?® structures. These structures serve dual purposes: they mitigate volume expansion of
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electrode materials during charge and discharge processes, and they provide ample space to
confine active sulfur material.

For instance, Li et al. developed a new physical and chemical entrapment strategy is based on
a highly efficient sulfur host, namely hollow carbon nanofibers (HCFs) filled with
MnO:> nanosheets. Benefiting from both the HCFs and birnessite-type MnO» nanosheets, the

MnO2@HCF hybrid host not only facilitates electron and ion transfer during the redox

9

reactions, but also efficiently prevents polysulfide dissolution.’
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Figure 1-6. (a) Synthesis of the MnO>@HCF/S composite. (b) Advantages of the
MnO,@HCF/S compositeover HCF/S.* Reproduced with permission.!®! Copyright 2015,
Wiley-VCH.

1.6 Strategies to enhance the adsorption-catalysis of polysulfide

conversion.

1.6.1 Heterojunction engineering

To maximize the catalytic effects in MSBs, it is imperative to design composite materials. The
catalytic activity is intimately linked with the electronic band structure, thus necessitating

strategies to finely tune the electronic properties of active sites within composite materials. At
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the material structure level, interface engineering offers a potent approach to tailor the
electronic properties of active sites, thereby enhancing catalytic performance.!?'? By
strategically manipulating the interfaces between different components within composite
materials, it is possible to adjust charge transfer processes, electronic band alignments, and
surface reactivity, ultimately improving electrocatalytic activity and selectivity.

In the field of electrochemistry, heterogeneous structures formed by semiconductors with
different band gaps find broad applications, such as in electrocatalysis,'**1% batteries, %617
and supercapacitors.!%-1% At the interfaces of two different semiconductors, phenomena like
abundant phase boundaries, charge accumulation/depletion, electric fields, and band bending
are observed.!'” These peculiar regions play a crucial role in facilitating the diffusion of ions
and electrons, thereby accelerating the conversion reactions of polysulfides in MSBs.

Li et al. successfully synthesized a multi-level host material with rich defects, Co304-TiO2 p-n
heterojunction structure, for MSBs. The heterojunction structure formed by Co3z04 and TiO>
induces an intrinsic electric field at the interface, thereby enhancing the adsorption and catalytic

performance towards polysulfides.'!!

1.6.2 Defect engineering

At the atomic level, vacancy engineering, particularly anion vacancies, has been demonstrated
as a successful method to significantly enhance material performance by altering the
stoichiometry of compounds.''?>!"® For the cathode of MSBs, introducing anion vacancies into
the sulfur host not only increases the number of charge carriers within the crystal and changes
the electronic structure near defect sites, but also effectively activates unpaired cations to
capture polysulfides,''*!!® thereby improving sulfur utilization.

For example, Wang et al. employed an acid-etching method to fabricate ZnS nanotubes with
abundant sulfur vacancies, which were then supported on separate carbon cloth to serve as LSB
electrodes.!'” The generation of sulfur vacancies in ZnS effectively adjusts its electronic
structure, enhances its interaction with active sulfur, promotes ion/electron transfer, and

ultimately enhances LSB performance.
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1.6.3 Lattice distortion engineering

Inducing lattice distortion by adjusting the d-spacing within the lattice has been considered as
an alternative strategy to optimize the catalytic performance of host materials in MSBs.'!8
Theoretically, this change in the symmetry of the crystal structure causes a displacement of the
positive/negative charge centers within the unit cell, creating a built-in electric field that
promotes charge transfer, 1120

Wang et al. prepared Coo.9Zno.1 Te2@NC by uniformly doping zinc atoms into the CoTe; lattice.
Experimental and theoretical results show that lattice strain changes the coordination
environment of cobalt atoms and adjusts the d-band center of the catalyst. This adjustment, in

turn, promotes the adsorption and catalysis of polysulfides by host materials.'*

1.6.4 Doping engineering

Doping strategies are recognized as effective means to enhance the conductivity,'?! electronic
configuration,'?? and surface properties®® of host materials. In the realm of carbon materials,
the incorporation of various elements such as boron (B), nitrogen (N), and S has garnered
significant attention.'”* Anionic doping, for instance, serves to modulate the d-band center of
doped metal compounds, thereby augmenting the polysulfide affinity and improving sulfur
utilization efficiency.!?*!% For instance, Zhang et.al synthesized boron-doped MoS,, which
demonstrated prolonged cycle life in LSBs. '*® This enhancement can be primarily attributed
to the favorable orbital orientation of boron atoms and the presence of a perpendicular vacancy
o orbital, maximizing overlap with sulfur's frontal orbital, thereby ensuring full activation and
facilitating improved kinetics in the formation and dissolution of Li>S.

Conversely, cation-doped compounds offer a broader spectrum of functionalities. For example,
Zhang et al. introduced cobalt doping into Ni2P, yielding Ni2Co4P3. In comparison to pure NizP,
Ni2Co4P3 boasts a higher d-band center, enhancing the adsorption of LiPSs and reducing the
potential energy barrier for S-S bond cleavage.'?’ This modification effectively accelerates the

subsequent lithiation process.
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1.6.5 Single atom strategy

Single-atom materials have demonstrated exceptional capabilities in enhancing the kinetics of
host materials transformation, owing to their high atom utilization efficiency.'?*'?° Ever since
Wan's group '*° pioneered the incorporation of single-atom cobalt into graphene as a sulfur
host, single-atom catalysts (SACs) have gained widespread adoption in sulfur hosting
applications.!*!"13* Precisely selecting the types of metal centers and fine-tuning their
coordination environments are recognized as two effective strategies for optimizing catalytic
performance. Cheng et.al synthesized a series of SACs (with metals including Mn, Cu, Cr, and
Ti) embedded within three-dimensional carbon foam to elucidate the influence of metal centers
on improving the reaction kinetics of LiPSs in LSBs.'**> Furthermore, the catalytic activity of
SACs can be further enhanced by adjusting their unique coordination structures. Yang
investigated the correlation between Co SACs with varying N coordination numbers and the

corresponding catalytic efficiencies towards LiPSs.!34
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2. Objectives

The primary goal of this thesis is to address the challenges encountered in the practical
application of MSBs by electronically regulating the sulfur host cathode material. This study
aims to resolve critical issues such as the polysulfide shuttle effect, poor conductivity, and
volume expansion, thereby enabling the development of high energy and power density energy
storage devices. The specific objectives of this thesis are as follows:

1. Design and synthesize advanced sulfur host materials:

Develop novel sulfur host materials with improved electronic conductivity, stability, and
affinity for sulfur species.

In Chapters 4 to 7, we designed a series of polar host materials-including v-ZnTe/CoTex@NC,
NiS2/NiSex@NC, Te-BixSes x@C, and Co;04-NC@C3Ns-to enhance the electrode’s reactivity
toward polysulfides and to accelerate the conversion between polysulfides and Ss.

2. Optimize structural and compositional properties:

Optimize structural characteristics such as porosity, surface area, and pore size distribution of
sulfur host materials to achieve maximum sulfur loading and retention.

In Chapter 4, we synthesized a dodecahedral structure. In Chapter 5, a hollow architecture was
developed to mitigate the volume expansion of the electrode material during charge—discharge
cycles. In Chapters 6 and 7, 1D structures were designed to facilitate ion diffusion and enhance
electrochemical kinetics.

3. Comprehensive electrochemical performance evaluation:

In Chapters 4 to 7, we conduct extensive electrochemical tests, including cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) measurements, and electrochemical impedance
spectroscopy (EIS) to assess the performance of developed sulfur host materials.

Evaluate the long-term cycling stability, rate capability, and energy density of MSBs
incorporating these new host materials.

4. Gain insight into degradation mechanisms:

In Chapters 4 to 7, we investigate the degradation mechanisms of sulfur host materials during

battery operation through SEM.
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Develop strategies to mitigate degradation and enhance the lifespan of sulfur host materials.
5. Integration into practical battery systems:

To evaluate the practical applicability of the electrode materials, we systematically analyzed
their electrochemical performance under high mass loading and lean electrolyte conditions
from Chapters 4 to 7. Remarkably, the designed electrodes maintained high specific capacity
and long cycle life even under these demanding conditions. Furthermore, they were
successfully assembled into pouch batteries capable of powering devices such as LEDs,
demonstrating their strong potential for practiacl applications.

6. Developing advanced electronic control mechanisms:

In Chapter 4, heterostructure and vacancy engineering were employed to modulate the
electronic structure of the host materials. In Chapter 5, homologous heterostructures were
designed to enhance the electrical conductivity of the electrode materials and to investigate the
relationship between electron transfer and spin states. In Chapter 6, doping strategies were
utilized to further optimize the electronic structure of the host materials. In Chapter 7, P-N
heterostructures were constructed to systematically explore the interplay between

heterostructure interfaces and spin states.
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Experimental section
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3. Experimental section

This chapter focuses on the experimental procedures, detailing the preparation and

characterization methods of the materials. The prepared electrode materials are utilized for

electrochemical testing and characterization in MSBs. All the chemical reagents and

instruments employed in the preparation of electrode materials are systematically presented in

table format.

3.1 Chemicals or raw materials used in experiments.

Table 3.1. List of chemicals used in experiments (all acquired at Sigma Aldrich)

Chemical Name

Molecular Formula/Purity Manufacturer

Cobealt(II) nitrate hexahydrate
Zinc nitrate hexahydrate
2-Methylimidazole
Methanol
Polyvinylidene fluoride
N-methylpyrrolidone
1,3- dioxolane
1,2-dimethoxyethane
Dopamine hydrochloride
Nickel Nitrate hexahydrate
Trimestic acid
Bismuth nitrate pentahydrate
Selenium powder
Tellurium powder
Urea
Melamine
Dimethyl carbonate
Ethylene carbonate
Fluoroethylene carbonate

N,N-dimethylformamide

Co(NO3)-6H50, 98%
Zn(NO3),-6H,0, 98%
C4HsN2, 99.7%
CH30H, 98%
PVDF, >99.9%
NMP, >99.5%
DOL, >99.9%
DME, >99.9%
DA-HCI, >98%
Ni(NO3)2 6H20, 98%
H3BTC >98%
Bi(NO3)3-5H20, 98%
Se, >99%

Te, 299%
CH4N>0, >99.9%
C3HgNs, >99.9%
DEC, >99.9%
EC, >99.9%
FEC, >99.9%
DMF, >99.8%

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
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3.2 Material preparation methods

3.2.1 Co-precipitation method

The co-precipitation method is a chemical synthesis technique used to prepare uniformly
dispersed multi-component transition metal compounds, composite materials, and
nanomaterials. This method achieves solid materials with uniform composition and structure
by simultaneously precipitating multiple ions in solution. In Chapter 4, the co-precipitation
method is used to prepare electrode materials. The specific steps involved in the co-
precipitation method are as follows:

Dissolution and Mixing: Different metal salts are dissolved in water or suitable solvents to form
a homogeneous metal ion solution. Precipitant Addition: Precipitants such as hydroxides,
carbonates, or sulfides are added to the solution. These precipitants react with the metal ions to
form insoluble compounds, which gradually precipitate out of the solution. Precipitation
Process Control: The precipitation process is carefully controlled by adjusting parameters such
as pH value, temperature, concentration of the precipitant, and stirring rate. This ensures the
simultaneous and uniform co-precipitation of each component. Solid-Liquid Separation and
Washing: The solid precipitate is separated from the liquid phase using techniques like filtration
or centrifugation. The precipitate is then thoroughly washed with pure water or an appropriate
solvent to remove any residual impurities or soluble salts. Drying and Heat Treatment: After
washing, the precipitate is dried to remove any remaining solvent. Subsequently, heat treatment
processes such as calcination are employed to transform the precipitate into the desired
compound or composite material with enhanced properties.

Compared to other synthesis methods, the co-precipitation strategy offers advantages such as
excellent uniformity and high purity of the resulting materials. However, several critical
considerations must be taken into account during operation: Precipitant Selection: choosing an
appropriate precipitant is crucial to ensure complete precipitation of the target metal ions and
to prevent interference from coexisting ions. pH Control: maintaining strict control over the
pH of the solution is essential. It ensures that all components precipitate simultaneously and

prevents separation of individual components during precipitation. Stirring Rate: Controlling
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the stirring rate helps in achieving uniform formation of precipitation and prevents
agglomeration of particles, ensuring homogeneous material synthesis. Washing and
Purification: Thorough washing of the precipitate is necessary to eliminate impurities, ensuring

the purity and optimal performance of the final material.

3.2.2 Solvothermal method

The solvothermal method is a chemical synthesis technique that involves increasing the
reaction temperature and pressure by heating the solvent in a closed container, such as an
autoclave. This process promotes the dissolution, diffusion, and crystallization of the reactants.
By achieving high temperature and pressure conditions at relatively lower temperatures, the
solvothermal method aids in controlling the morphology and size of materials, making it
particularly useful for preparing uniform nanomaterials and complex crystal structures. In this
context, the solvothermal method is employed to synthesize nanomaterials, as discussed in
Chapters 5and 6.

When utilizing the solvothermal method, several critical factors need attention:

Solvent Selection: Choose solvents that can dissolve the reactants and remain stable under
high-temperature and high-pressure conditions. Temperature, pressure, and time control:
Carefully regulate these parameters to optimize the reaction conditions and achieve the desired
material properties. Reaction Vessel: Use appropriate reaction vessels, such as autoclaves,
ensuring they can withstand the required temperature and pressure. Airtightness and Safety:
Ensure the equipment is well-sealed and equipped with a pressure relief valve to prevent
accidents. The solvent should fill 60-80% of the volume of the liner to allow for expansion.
Pre- and Post-Reaction Procedures: Before starting the reaction, securely tighten the lid of the
container. After the reaction, wait for the stainless steel shell to cool completely to room

temperature before proceeding with subsequent experiments.

3.2.3 High-temperature carbonization method

High-temperature carbonization method (HTC) is a commonly used technique for preparing

carbon materials by converting carbon-containing precursors into carbon materials at high

55



temperatures. This method is widely applied in the preparation of various forms and structures
of carbon materials, including activated carbon, carbon fibers, graphene, and carbon nanotubes.
In the preparation of electrode materials using the HTC, suitable carbon-containing precursor
materials are first selected. These precursors can be organic polymers, natural materials (such
as wood or cellulose), organometallic compounds, pitch, and more. In some cases, the
precursors may require pretreatment, such as drying, impregnation, or chemical modification,
to enhance the quality and performance of the carbonized product.

The precursor is then placed in a high-temperature furnace and heated to high temperatures
(typically between 600°C and 2000°C) under an inert atmosphere (such as argon or nitrogen).
During this process, the precursor undergoes pyrolysis and dehydration, volatilizing low
molecular weight components (such as water, carbon dioxide, methane, etc.) and rearranging
its carbon skeleton structure, ultimately forming carbon materials.

After the carbonization process is complete, the sample is cooled to room temperature,
extracted, and subjected to further post-treatment (such as washing, additional heat treatment,
or surface modification) to obtain the desired carbon material.

Compared to other thermal treatment methods, the HTC has the following advantages:
High-temperature treatment can remove most impurities, resulting in high-purity carbon
materials.

By adjusting the carbonization temperature, time, and atmosphere, the microstructure and
performance of the final product can be controlled.

It is suitable for a variety of precursor materials and can produce carbon materials in various
forms, such as powders, fibers, and films.

In summary, the HTC is a crucial technique for preparing carbon materials. Through high-
temperature treatment, various carbon-containing precursors can be converted into high-

performance carbon materials, offering significant industrial and research applications.

56



3.3 Materials characterizations

3.3.1 X-ray diffraction (XRD, Miniflex 600)

XRD is a widely used material analysis technique employed to determine the crystal structure,
crystallographic parameters, and crystalline properties of substances. This method is based on
the interaction of X-rays with the crystal structure of materials, resulting in diffraction
phenomena.
XRD typically utilizes X-ray sources such as tungsten or copper X-ray tubes, which emit X-
rays of specific wavelengths, commonly molybdenum Ka line (A=0.71 A) or copper Ka line
(A=1.54 A). When the wavelength of incident X-rays is close to the lattice spacing of a crystal,
diffraction occurs as the X-rays interact with the sample. According to the Bragg's law, the
crystal structure within the sample diffracts the incident X-rays into a series of diffraction peaks
with specific angles and intensities. The typical form of the Bragg equation is:

2dsinf = nl 3-1
Here, d represents the lattice spacing of the material, A is the wavelength of the incident ray,
and 6 denotes the angle of incidence.
By rotating the sample or detector and recording changes in diffraction angle and intensity, an
XRD diffraction pattern is obtained. The positions and intensities of the diffraction peaks in
the pattern provide crucial information about the crystal structure and lattice parameters.
Analysis of the diffraction pattern allows determination of various aspects of the crystal,
including lattice parameters, unit cell volume, crystal structure type, crystal orientation, and
relative content. XRD finds extensive applications in fields such as materials science, solid-
state physics, geology, chemistry, and biology. It is used to analyze the structure, crystal
orientation, unit cell parameters, and grain boundary properties of crystalline materials.
Additionally, XRD can determine the phase composition of materials, crystal purity, stress state,
and structural changes within crystals.
XRD patterns were recorded using a Rigaku MiniFlex 600 diffractometer with Cu Ko radiation
(L =1.5406 A), operated at 40 kV and 15 mA. Data were collected over a 20 range of 5°-80°

with a step size of 0.02° and a scan rate of 2°/min.

o7



3.3.2 Raman laser spectrometer (LabRAM QOdyssey)

The Raman laser spectrometer is an advanced optical instrument utilized for analyzing the
molecular structure and chemical composition of materials. It operates based on the principle
of raman scattering, which provides a characteristic spectrum revealing molecular vibrations
and lattice information of the sample.

Working Principle:

The Raman spectrometer employs a monochromatic laser light source, typically a laser diode
with wavelengths like 785 nm or 532 nm. These lasers emit a single wavelength beam that
illuminates the sample surface. When the laser light interacts with the sample, most photons
undergo elastic scattering known as Rayleigh scattering, maintaining their original frequency
and energy. However, a small fraction of photons undergo inelastic scattering—Raman
scattering—where the frequency of some photons changes. This frequency shift, known as
Raman frequency shift, is unique to each material and provides valuable molecular information.
The scattered light from the sample is collected by an efficient optical system, including
objective lenses, focusing lenses, and optical fibers, to maximize the collection of Raman
scattered photons. This collected light is then directed to a spectrometer.

Components:

Laser Source: Provides monochromatic light to interact with the sample.

Sample Holder: Positions the sample for accurate laser irradiation.

Scattering Collection System: Collects scattered light efficiently.

Spectrometer: Separates and analyzes Raman scattered light using a grating or interferometer
to distinguish different wavelengths.

Detector: Converts optical signals into electrical signals for further processing.

Data Processing System: Controls the instrument, collects Raman spectra, and analyzes data
using computer software for real-time display, peak identification, and spectral line fitting.
Output:

The spectrometer converts the collected Raman scattering spectrum into a graph showing the
relationship between wave number or Raman frequency shift and the intensity of scattered light.

This Raman spectrum serves as a fingerprint of the sample's molecular composition and
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structure.

Raman spectra were recorded using a LabRAM Odyssey Raman spectrometer (Horiba)
equipped with a 532 nm laser as the excitation source. The laser power was set to 1-5 mW to
avoid sample damage. A 50% objective lens was used for focusing, and the spectral resolution
was ~1 cm!. Each spectrum was acquired with an integration time of 10 s and averaged over

2-3 accumulations.

3.3.3 X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific,

ESCALAB 250)

XPS is an advanced characterization technique used for analyzing the chemical composition
and electronic structure of material surfaces. We use XPS technology to obtain information
about the elemental composition, chemical state, and electronic state of material surfaces by
measuring the energy of photoelectrons emitted from the sample surface.
The working principle involves irradiating the sample surface with a monochromatic X-ray
beam (usually Al K, line with an energy of approximately 1486.6 eV). When the X-rays strike
the sample, the atoms on the sample surface absorb the X-ray energy, causing the inner-shell
electrons (typically 1s, 2s, or 2p electrons) to be excited and emitted from the sample—a
process known as the photoelectric effect. The kinetic energy of the emitted photoelectrons is
measured by an electron energy analyzer. The binding energy of the photoelectrons can be
calculated using the known X-ray energy and the measured kinetic energy, based on the
following relationship:

Ep=hv—E,—¢ (3-2)
E} is the binding energy of the photoelectrons
hv is the energy of the X-rays
E} is the kinetic energy of the photoelectrons
¢ is the work function of the spectrometer.
The distribution of binding energies forms an XPS spectrum, where each peak represents the
binding energy of different elements or the same element in different chemical environments.

By analyzing the position, intensity, and shape of these peaks, the elemental composition,
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chemical state, and electronic structure of the sample surface can be determined.

An XPS mainly consists of the following components:

X-ray source: Typically uses aluminum (Al K,) or magnesium (Mg K) as the X-ray source to
produce high-intensity, monochromatic X-rays.

Sample chamber: The sample is placed in a vacuum environment within the sample chamber
to prevent air molecules from interfering with the emission and detection of photoelectrons.
Electron energy analyzer: Precisely measures the kinetic energy of emitted photoelectrons.
Common types of energy analyzers include spherical and cylindrical analyzers.

Detector: Detects and counts the photoelectron signals transmitted from the analyzer and
converts them into processable data.

Data processing system: Computer software collects, processes, and analyzes the photoelectron
spectroscopy data, generates spectra, and performs peak analysis, quantitative composition,
and chemical state identification.

XPS are widely used in material science, surface chemistry, semiconductor industry, corrosion
research, catalyst development, biomaterials, and nanotechnology. They play a crucial role in
studying the surface composition, chemical state changes, interface reactions, and thin film
thickness measurements. In summary, XPS provide detailed chemical information about the
sample surface by measuring the energy distribution of photoelectrons, making them an
essential tool for researching material surface properties and chemical reactions.

XPS measurements were performed using a Thermo Fisher Scientific ESCALAB 250
spectrometer equipped with a monochromatic Al Ka radiation source (hv = 1486.6 eV). The
pass energy was set to 100 eV for survey scans and 20 eV for high-resolution spectra. The base
pressure in the analysis chamber was maintained at ~10” mbar. All binding energies were

calibrated using the C 1s peak at 284.8 eV as the reference.

3.3.4 Scanning electron microscopy (SEM, UniColore)

SEM is a high-resolution microscopy technique that obtains surface morphology and
compositional information of samples through signals generated by the interaction of an

electron beam with the sample. Compared to optical microscopes, SEM offers higher resolution
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and greater depth of focus, allowing for the observation of smaller and more detailed sample
features. Therefore, SEM is widely used in fields such as materials science, biology, geology,
and nanotechnology. SEM can observe and analyze various samples, including metals,
ceramics, polymers, biological tissues, and nanomaterials.

SEM uses a thermionic or field emission electron gun to generate a high-energy electron beam.
A thermionic gun produces electrons by heating a tungsten filament or lanthanum hexaboride
(LaBg), while a field emission gun uses a strong electric field to emit electrons from a sharp
tip. The generated electron beam is accelerated and focused by an electromagnetic lens system,
forming a fine probe. The acceleration voltage typically ranges from several kilovolts to tens
of kilovolts, and the diameter of the electron beam can be reduced to a few nanometers.
Samples typically require appropriate preparation, including fixation, dehydration, drying, and
metal coating (such as gold sputtering). Metal coating aims to enhance the sample's
conductivity, facilitating electron beam scanning and signal detection in the SEM. The focused
electron beam scans the sample surface line by line. When the electron beam hits the sample
surface, it interacts with the atoms in the sample, generating various signals, including
secondary electrons (SE), backscattered electrons (BSE), transmitted electrons, characteristic
X-rays, and other radiation.

These signals are detected and converted into electrical signals. SE are used to form high-
resolution surface morphology images, while BSE provide information on the composition and
relative density of the sample. The electrical signals received by the detector are amplified and
processed to generate image data. The images can be observed on a display screen or recorded
as digital images. Image analysis software can be used to measure the sample's size, shape, and
surface morphology, as well as to perform spectral analysis (EDS or EDX) to obtain the
elemental composition and chemical information of the sample.

In summary, SEM is a powerful microscopy technique that provides high-resolution and high-
depth-of-focus surface morphology and compositional information of samples SEM images
were acquired using a UniColore SEM system operated at an accelerating voltage of 5-15 kV.
Samples were sputter-coated with a thin layer of gold to enhance conductivity. Both secondary
electron and backscattered electron modes were used to observe the surface morphology and

elemental contrast.
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3.3.5 Transmission electron microscopy (TEM, UniColore)

TEM is a high-resolution microscopy tool primarily employed to observe the internal
microstructure and atomic-level details of samples. Unlike the SEM, which captures surface
images, TEM operates by transmitting electrons through the sample, allowing for superior
resolution compared to SEM. TEM utilizes either a thermionic or field emission electron gun
to generate a high-energy electron beam. The thermionic source heats a tungsten filament or
lanthanum hexaboride (LaBs) to emit electrons, whereas the field emission gun emits electrons
from a sharp tip using a strong electric field. The resulting electron beam is accelerated to tens
to hundreds of kilovolts and focused through an array of electromagnetic lenses. The beam
diameter can be reduced to a nanometer scale, enabling it to pass through the sample and
produce detailed, high-resolution images.

Samples for TEM analysis are typically prepared as extremely thin slices, ranging from
hundreds of nanometers to a few micrometers in thickness. These slices are commonly prepared
using specialized techniques such as focused ion beam (FIB) milling or mechanical sectioning
to ensure they are suitable for electron transmission. As the electron beam passes through the
thin sample slice, the intensity of transmitted electrons varies according to the sample's internal
structure. During transmission, the electron beam interacts with sample atoms through
scattering, absorption, and transmission, creating intricate transmission patterns.

Adjusting the electron lens system allows TEM to capture images at different depths and focal
points, revealing comprehensive details of the sample's internal structure. Detectors collect the
signals of transmitted electrons, which are then converted into electrical signals, amplified, and
processed. The final images can be observed on a screen or digitally recorded, facilitating
further analysis using specialized image processing software.

TEM is extensively used in diverse fields such as materials science, biology, nanotechnology,
and electronics, facilitating the observation and analysis of complex structures including crystal
structures, nanoparticles, biomolecules, and material interfaces. TEM was performed using a
UniColore TEM system operated at an accelerating voltage of 200 kV. High-resolution TEM
(HRTEM) images and selected area electron diffraction (SAED) patterns were obtained to

analyze the crystal structure and lattice fringes. Samples were ultrasonically dispersed in
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ethanol and drop-cast onto a carbon-coated copper grid.

3.3.6 Nitrogen adsorption-desorption test (BELSORP MAX II)

Nitrogen adsorption-desorption testing (or nitrogen adsorption method) is a widely employed
technique for characterizing material pore structure and specific surface area. This method
revolves around measuring the adsorption and desorption of gas molecules on the surface of
solids across varying pressures. Initially, samples undergo pretreatment to remove surface
adsorbates and moisture, ensuring the accuracy of subsequent test results.

Typically conducted at low temperatures (often below the temperature of liquid nitrogen),
nitrogen adsorption tests ensure sufficient adsorption of gas molecules onto the sample's
surface and pores. Samples are placed within an adsorption apparatus where nitrogen is
introduced while pressure and temperature are adjusted, facilitating gradual adsorption onto
the sample's surface and pores. Throughout the adsorption process, measurements of nitrogen
adsorption at different pressures are recorded.

Data gathered during both adsorption and desorption phases enable calculation of critical
parameters such as specific surface area, pore volume, and pore size distribution using various
adsorption isotherms (e.g., BET isotherm) and desorption isotherms. Common analytical
methods include the Brunauer-Emmett-Teller method, Barrett-Joyner-Halenda method (BJH),
among others.

Nitrogen adsorption-desorption tests find extensive applications in fields like materials science,
chemical engineering, and catalyst research. They serve to evaluate and compare pore structure
characteristics among different materials. Nitrogen adsorption-desorption isotherms were
measured at 77 K using a BELSORP MAX I surface area and porosity analyzer. Prior to
measurements, samples were degassed under vacuum at 150 °C for 6 hours to remove adsorbed
gases and moisture. The specific surface area was calculated using the BET method, and the
pore size distribution was determined by the BJH method based on the desorption branch of

the isotherm.
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3.3.7 Thermogravimetric analysis (TGA, NETZSCH, STA449-F5)

TGA is an important thermal analysis technique used to study the mass change of substances
under controlled temperature conditions, either during heating or at constant temperatures. It
involves recording the variation in sample mass over time to analyze properties such as thermal
stability and decomposition behavior at different temperatures. Samples are typically prepared
in powder or small block form and placed in precise sample boats for accurate mass
measurement. These boats are placed in a TGA instrument, often in an inert gas environment
like nitrogen or argon, to prevent interference from air during the experiment.

The temperature is gradually increased or held constant at the beginning of the experiment.
Throughout the process, the TGA instrument continuously records the changes in sample boat
mass. As the temperature changes, the sample may undergo various processes such as thermal
decomposition, physical adsorption, or chemical reactions, resulting in mass changes. These
changes are detected and recorded by the instrument's sensitive balance, ultimately generating
a thermogravimetric curve (TG curve).

TGA, as a powerful thermal analysis technique, provides researchers with a crucial tool to
deeply understand the thermal properties and reaction behaviors of samples.
Thermogravimetric analysis was used to measure the S content in the cathode from 50 °C to

400 °C at a heating rate of 5°C/min in an N> atmosphere

3.3.8 Electron paramagnetic resonance (EPR, JES-FA200)

EPR, also known as Electron Spin Resonance, is a technique used to study materials with
unpaired electrons by examining their electron magnetic resonance. EPR is primarily used to
detect and analyze samples with unpaired electrons, such as free radicals, transition metal ions,
and defect centers.

Principle of Operation:

Paramagnetic materials contain unpaired electrons, which have spin and magnetic moments.
In the absence of an external magnetic field, these spin magnetic moments are randomly

oriented. When the paramagnetic material is placed in an external magnetic field, the spin
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magnetic moments of the unpaired electrons interact with the field, causing a splitting of the
spin states. This energy level splitting is known as the Zeeman effect.

At a specific frequency, typically in the microwave range, when the strength of the external
magnetic field meets a particular condition, the electron spins can absorb microwave energy
and transition from a lower energy level to a higher one. This specific condition is known as
the resonance condition.

Under resonance conditions, the absorption of microwave energy by the electrons causes a
change in magnetization, which is detected and recorded. By measuring the absorbed
microwave energy, an EPR spectrum is obtained.

An EPR spectrum contains information about the unpaired electrons in the sample, including:
g-factor: Indicates the magnetic characteristics of the electron. It is a dimensionless value that
helps identify different paramagnetic species.

Hyperfine structure: Caused by interactions between the electrons and nearby atomic nuclei,
providing detailed information about the electronic environment.

Line width and shape: Provide information about electron relaxation times and dynamic
processes.

EPR is a powerful analytical tool that provides crucial information about the chemical and
physical properties of samples by detecting the magnetic resonance of unpaired electrons. EPR
measurements were conducted at a temperature of 300 K and across a magnetic field strength

range of 0.3 to 1.5 Tesla (T).

3.3.9 UV-Vis absorption spectroscopy (Lambda 950 UV-Vis-NIR

Spectrophotometer, Perkin Elmer)

UV-Vis Absorption Spectroscopy is a technique used to analyze the optical properties and
chemical composition of molecules and materials. It is based on the ability of substances to
absorb ultraviolet and visible light. By measuring the absorption intensity of a sample at
different wavelengths, information about its molecular structure and concentration can be
obtained.

UV-Vis absorption spectroscopy involves illuminating a sample with ultraviolet and visible
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light (typically in the wavelength range of 200-800 nm from a light source and measuring the
sample's absorption of light at different wavelengths. When light is directed at the sample,
molecules within the sample absorb light at specific wavelengths, causing electrons to
transition from the ground state to an excited state. By detecting the change in light intensity
after passing through the sample, an absorption spectrum is obtained.

The absorption spectrum is typically presented as a plot of absorbance (A) versus wavelength

(A). Absorbance is defined as:

A= —log(%) (3 -3)
where [, is the incident light intensity and I is the transmitted light intensity.
Key Features and Applications:
Qualitative Analysis: By comparing the absorption spectrum of a sample with standard spectra
of known substances, specific molecules or groups within the sample can be identified.
Quantitative Analysis: According to the Beer-Lambert Law, absorbance is directly proportional
to the concentration of the absorbing species in the solution and the path length of the light. By
measuring absorbance, the concentration of the target substance in the sample can be calculated.
The Beer-Lambert Law is expressed as:

A=¢lc (3-4)
where A is absorbance, ¢ is the molar absorptivity, ¢ is the concentration of the absorbing
species, and 11l is the path length.
Structural Analysis: Different molecules or groups absorb light at specific wavelengths with
varying peak positions and intensities. The absorption spectrum can provide information about
molecular structure, such as conjugated systems, functional groups, and types of electronic
transitions.
UV-Vis absorption spectroscopy is a crucial spectroscopic technique that provides valuable

information about the molecular structure and concentration of samples by measuring their

absorbance in the ultraviolet and visible light ranges.

3.3.10 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) measurements were conducted to analyze the local
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electronic structure and oxidation states of the active species. Bi and Te K-edge XAS spectra
were collected at the XAS beamline of the Australian Synchrotron (Clayton, VIC) using a
Si(111) double-crystal monochromator in fluorescence mode at room temperature. Co K-edge
XAS spectra were acquired at the CLAESS beamline of the ALBA Synchrotron Light Facility
(Barcelona, Spain).

XAS is an analytical technique that uses X-rays to study the structural, electronic, and chemical
environment of materials. XAS is divided into two main parts: X-ray Absorption Near Edge
Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS).

When X-rays irradiate a sample and their energy exceeds the binding energy of an inner-shell
electron of an atom in the sample, the X-rays are absorbed, and the electron is excited to
unoccupied energy levels or completely ejected from the atom, a process known as the
photoelectric effect. By measuring the absorption coefficient at different X-ray energies, an X-
ray absorption spectrum is obtained.

Main Components of XAS Spectrum:

XANES: This is the region near the absorption edge (typically within about 50 eV) where there
is a sharp change in the absorption coefficient. XANES provides information about the
electronic structure, oxidation state, and local symmetry of the absorbing atom.

EXAFS: This region extends beyond the absorption edge (up to over 1000 eV) and consists of
oscillations caused by the interference of the ejected electron wave with neighboring atoms.
EXAFS provides information about interatomic distances, coordination numbers, and local
structural details.

Key Features and Applications:

Elemental Selectivity: XAS can selectively probe the local structure and chemical state of
specific elements because each element has its unique X-ray absorption edge.
Non-destructive: The technique is generally non-destructive, allowing measurements to be
made without damaging the sample.

Versatility: XAS is applicable to various sample forms, including solids, liquids, gases, thin
films, and powders.

Rich Information: XANES provides insights into the electronic structure, oxidation states, and

local symmetry, while EXAFS can reveal local structural information such as interatomic
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distances and coordination numbers.

Wide Applications: XAS is widely used in materials science, chemistry, physics, biology, and
environmental science. Applications include studying active centers in catalysts, local
structures in metal oxides, metal binding sites in biomolecules, and speciation of pollutants in
environmental samples.

XAS is a powerful technique that provides detailed information about the local structure,
electronic states, and chemical environment of materials, with broad applications across many

scientific fields.

3.4 Electrochemical methods

In this thesis, electrochemical testing serves as the key method for characterizing the
electrochemical performance of MSBs. We utilized an electrochemical workstation provided
by CorrTest from Wuhan, along with instruments from LAND in Wuhan and NEWARE in
Shenzhen for constant current charge-discharge experiments. The main testing techniques
employed include cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and
electrochemical impedance spectroscopy (EIS). These methods were essential for in-depth
analysis of the MSBs performance characteristics.

The prepared electrode material, Super P, and PVDF binder were mixed and ground according
to 8:1:1, and NMP as added during the grinding process to prepare slurry. Then it was evenly
coated on the current collector on the aluminum foil, and finally dried at 60 °C for 12 h and cut
into 12 mm circular pieces to obtain the working electrode. The sulfur content of the cathode
was 1.2 mg cm™ . For each coin cell, 20 pL of electrolyte was used. To further highlight the
practical application of the electrode, the high loading cathode was prepared by the same
method. The prepared sulfur electrode was used asthe cathode, the lithium foil was used as the
anode, and Celgard 2400/glass fiber and 1.0 M Lithium Bis(trifluoromethanesulfonyl)imide
(LiTFSI) and 0.1 M LiNO3 were dissolved in DOL/DME (v:v, 1:1)/ 1 M NaClOs in a 1:1
mixture of DEC and EC, with 5 wt% FEC as the electrolyte additive as the separator and
electrolyte, respectively, to assemble a 2023 coin battery in argonfilled in the airy glove box.

The prepared battery is subjected to CV and GCD tests at a voltage window of 1.7-2.8 V/10.8-
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2.8V, and an EIS test is performed at a frequency of 0.01 Hz-100 KHz.

3.4.1 Cyclic voltammetry (CV)

CV is a widely utilized electrochemical testing method employed to investigate the behavior
and reaction mechanisms of electrochemical systems. It operates on the fundamental
relationship between current and voltage, achieved by applying a sinusoidal potential signal to
an electrode to regulate and monitor electrochemical processes. CV entails the application of a
sinusoidal waveform potential signal to the working electrode, with the rate of potential change
referred to as the scan rate. Typically, measurements are conducted during a linear change in
potential over time in electrochemical experiments. Variations in the potential applied to the
working electrode induce electrochemical reactions on its surface, facilitating charge transfer
and resulting in a measurable current response. CV test quantifies the changes in current during
the application of potential.

CV curves graphically depict the relationship between current response and potential change,
conventionally plotted with current (y-axis) against potential (x-axis). These curves furnish
valuable insights into electrochemical reaction rates, reaction reversibility, peak potentials, and
peak currents. CV is instrumental in probing the kinetic properties of electrochemical reactions,
such as reaction rate constants and electron transfer processes. Furthermore, the morphology
and features of CV curves facilitate analysis of the electrochemical characteristics of electrode
surfaces, encompassing the identification of active sites and assessment of catalytic activity.
CV also serves as a valuable tool for assessing the stability of electrolytes and the ion transport
properties within electrochemical solutions.

In essence, CV stands as a versatile and extensively applied electrochemical testing technique

pivotal for comprehending and refining the performance of electrochemical systems.

3.4.2 Galvanostatic charge-discharge (GCD)

GCD is a commonly used electrochemical testing method for assessing the performance and
characteristics of electrochemical energy storage systems, such as batteries. It primarily

controls the charging and discharging processes by applying a constant electric current to
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monitor and record the voltage changes of the battery under specific current conditions.
During galvanostatic charging, a constant current is applied, determining the rate at which the
battery charges. The battery absorbs charge during this process, and the current magnitude
depends on the battery's internal resistance and charging rate. The voltage of the battery varies
over time when a constant current is applied, and this variation is plotted as the galvanostatic
charge-discharge curve. By recording these changes, one can evaluate the electrochemical
performance of the battery, including factors like charging capacity, efficiency, and the impact
of charging rates.

After charging is complete, the battery can be discharged using the same or a different constant
current. During discharge, the battery releases stored charge, with the current direction reversed
compared to charging, causing the voltage to gradually decrease as discharge progresses.
Analyzing the slope and shape of the galvanostatic charge-discharge curve provides insights
into the battery's internal resistance, electrochemical reaction kinetics, and the efficiency of
energy storage and release processes.

GCD is a critical method for evaluating the electrochemical performance of batteries, offering
essential data on capacity, efficiency, and cycling stability. Moreover, these curves can be
utilized to study electrochemical reaction mechanisms and kinetic properties within batteries,
such as solute diffusion and electron transfer processes.

In summary, GCD is a straightforward yet effective electrochemical testing method applicable
to various electrochemical energy storage systems. It provides crucial experimental data

supporting the advancement and application of battery technology.

3.4.3 Electrochemical impedance spectroscopy (EIS)

EIS is an advanced technique widely used for studying the complex impedance characteristics
and interface processes in electrochemical systems. It involves applying small-amplitude
alternating current signals of varying frequencies to electrodes or batteries within the
electrochemical system to obtain impedance spectra. EIS operates by applying small-amplitude
AC signals across a range of frequencies typically spanning from a few hertz to several hundred

kilohertz, covering a wide spectrum from low to high frequencies. The amplitude of the
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electrical signal is usually kept small enough to avoid significant electrochemical reactions,
thereby maintaining the system in a steady-state response.

After applying the AC signal, the voltage response of the system is measured. This response
includes components such as resistance (the real part of impedance) and capacitance (the
imaginary part of impedance), providing detailed information about electrode/electrolyte
interfaces, charge transfer processes, and electrochemical reaction kinetics. Complex
mathematical and statistical analyses of the measurement data yield impedance spectra, which
depict the relationship between frequency and impedance complex numbers. Impedance
spectra are typically presented in forms such as Nyquist plots and Bode plots, which intuitively
illustrate the complex characteristics of electrochemical systems.

EIS enables in-depth analysis of electrode/electrolyte interface properties, such as charge
transfer resistance, double-layer capacitance, and electrolyte diffusion processes. By measuring
impedance spectra of different electrode materials, their performance and stability can be
evaluated, aiding in electrode design and optimization. EIS is also used to assess the
conductivity and stability of electrolytes, which is crucial for developing efficient electrolyte
systems.

EIS is a powerful electrochemical testing technique that provides critical interface and dynamic

information essential for understanding and optimizing electrochemical system.
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4. Combined Defect and Heterojunction Engineering in
ZnTe/CoTe:@NC Sulfur Hosts Toward Robust Lithium—

Sulfur Batteries

Key findings
1. The sulfur redox catalyst was significantly optimized by adjusting the anion (Te)
vacancy concentration and engineering ZnTe/CoTe; heterostructures.
2. Experimental results confirmed that tellurium vacancies enhance the adsorption
of LiPSs, facilitating improved sulfur utilization.
3. The introduction of TMT/TMT and TMT/C heterostructures, together with the
NC coating, promoted both rapid lithium-ion diffusion and electron transport.
4. The resulting v-ZnTe/CoTe:@NC/S composite sulfur cathode delivered an
excellent initial capacity of 1608 mAh g at 0.1C, with long-term cycling
stability showing an average capacity decay rate as low as 0.022% per cycle
over 500 cycles at 1C.
Introduction
The development of efficient sulfur cathode materials is crucial for advancing LSBs,
which are promising next-generation energy storage systems due to their high
theoretical capacity and energy density. However, several intrinsic limitations,
including poor conductivity of sulfur and dissolution of LiPSs, severely hinder their
practical application.
To address these challenges, advanced sulfur host materials that integrate strong
polysulfide adsorption, high conductivity, and catalytic activity are necessary. In this
chapter, we focus on the rational design of a composite sulfur host featuring engineered
heterostructures and vacancy defects, aiming to simultaneously enhance
electrochemical performance and cycling stability.
Purpose and background

The core of this study lies in the design and modification of TMTs as efficient sulfur
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hosts. TMTs exhibit several advantages:

Rich electronic structures and tunable band gaps contribute to superior electrical and
optical behavior.

Some TMTs, such as WTe,, possess topologically protected surface states, offering
potential in quantum technologies.

ZnTe, in particular, demonstrates high electron mobility, making it a candidate material
for high-speed electronic and electrochemical applications.

Initially, ZnTe@NC was synthesized and tested as a sulfur host. Despite its promising
properties, the material exhibited subpar electrochemical performance, prompting
further exploration. Through literature reviews and preliminary experiments, we
identified that heterostructure engineering and defect (vacancy) engineering could
significantly enhance the catalytic properties and electronic structure of host materials.
Experimental strategy

To improve performance, we designed a ZnTe/CoTes heterostructure, leveraging their
structural compatibility to ensure efficient electronic integration. Though this approach
improved the specific capacity of the composite, the cycle stability gains were limited.
To resolve this issue, we introduced Te vacancies via hydrogen reduction treatment,
producing v-ZnTe/CoTe2@NC. Defects like vacancies are known to:

Provide additional active sites.

Adjust the surface adsorption energy of LiPSs.

Enhance overall conductivity by altering carrier concentration.

Induce localized electronic structure variations that favor charge transfer.

Furthermore, the heterostructure between ZnTe and CoTe; generates a built-in electric
field, which facilitates fast ion migration and promotes Li* diffusion through the
electrode.

Conclusion

This work demonstrates that the combined strategy of heterostructure formation and
vacancy engineering is a powerful route to enhance the electrochemical performance
of TMT-based sulfur hosts in LSBs. The insights gained here offer valuable guidelines

for the rational design of future electrode materials in sulfur-based energy storage
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systems.
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Combined Defect and Heterojunction Engineering in
ZnTe/CoTe, @ NC Sulfur Hosts Toward Robust
Lithium—Sulfur Batteries

Chen Huang, Jing Yu, Canhuang Li, Zhibiao Cui, Chaoqi Zhang,* Chaoyue Zhang,*
Bingfei Nan, Junshan Li, Jordi Arbiol, and Andreu Cabot*

Lithium—sulfur batteries (LSBs) are feasible candidates for the next generation
of energy storage devices, but the shuttle effect of lithium polysulfides (LiPSs)
and the poor electrical conductivity of sulfur and lithium sulfides limit their
application. Herein, a sulfur host based on nitrogen-doped carbon (NC)
coated with small amount of a transition metal telluride (TMT) catalyst is
proposed to overcome these limitations. The properties of the sulfur redox
catalyst are tuned by adjusting the anion vacancy concentration and
engineering a ZnTe/CoTe, heterostructures. Theoretical calculations and
experimental data demonstrate that tellurium vacancies enhance the

1. Introduction

Sulfur cathodes are regarded as a viable and
advantageous alternative for the forthcom-
ing generation of energy storage devices
due to their high energy density (2600 Wh
kg!) and specific capacity (1675 mAh g=1)
as well as the large sulfur abundance and
low cost.!] However, sulfur-related limi-
tations such as the shutting of lithium
polysulfides (LiPSs), poor conductivity of

adsorption of LiPSs, while the formed TMT/TMT and TMT/C heterostructures
as well as the overall architecture of the composite simultaneously provide
high Li* diffusion and fast electron transport. As a result,

v-ZnTe/CoTe, @NC/S sulfur cathodes show excellent initial capacities up to
1608 mA h g! at 0.1C and stable cycling with an average capacity decay rate
of 0.022% per cycle at 1C during 500 cycles. Even at a high sulfur loading of

the charged and discharged cathode ac-
tive material (Sg/Li,S), inefficient sulfur
usage, and huge volume expansion dur-
ing charging and discharging restrain the
practical application of lithium-sulfur bat-
teries (LSBs).2] To solve these shortcom-
ings, various approaches have been con-

5.4 mg cm2, a high capacity of 1273 mA h g~' at 0.1C is retained, and when
reducing the electrolyte to 7.5 uL. mg~"', v-ZnTe/CoTe, @ NC/S still maintains a

capacity of 890.8 mA h g~ after 100 cycles at 0.1C.

sidered, including the development of sul-
fur hostsl®*l and the engineering of func-
tional separators and binders able to trap
the polysulfides.*! Particularly, the use of
catalytically active sulfur hosts has been
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shown to accelerate sulfur reduction and oxidation reactions and
has thus received considerable attention in recent years.['>°]

While porous and high surface area carbon materials (e.g.,
graphene, carbon nanotubes, and carbon fibers) are frequently
used as sulfur hosts,[® the weak interaction between nonpolar
carbon materials and polar polysulfides is unable to inhibit the
dissolution and shutting effect of LiPSs.l”! Nitrogen®! and sup-
plementary metal additives can be introduced to capture the LiPS
and accelerate their conversion.’! Transition metal compounds
(oxides, phosphides, carbides, and chalcogenides) have been
shown particularly effective as polar catalytic additives in sul-
fur cathodes.'¥) Among them, transition metal tellurides (TMTs)
have been systematically ignored due to their high density as well
as the low abundance and high cost of tellurium. Nevertheless,
TMTs offer several patent advantages over the wide variety of
tested compounds that, if used in very small quantities, could
help balance and potentially overcome their drawbacks. These
advantages include i) much higher electrical conductivities (e.g.,
1.15 x 10° S m~! for NiTe,) compared with oxides, sulfides, and
selenides counterparts (e.g., 0.55 S m~! for NiS,),["!l and ii) high
catalytic activities related to the metal cation (Co**, Zn?*, and
Ni?*) forming an octahedral complex with Te,? in a low-spin
state, while the metal 3d orbital splits into two subordinate or-
bitals, t,, and e,. In TMTS, the metal ions adopt different spin
modes in the 3D electronic configuration, which can promote the
rapid charge transfer of the electrode and the LiPS conversion.!!]

To minimize the amount of TMT additive, suitable composite
designs must be built, incorporating effective heterostructures
and assuring a large TMT dispersion. Besides, given the close
correlation between catalytic activity and electronic band struc-
ture, to optimize the electrocatalytic performance of the host, it
is necessary to adjust the electronic properties of the active sites.
At the material architecture level, these electronic properties can
be adjusted through interface engineering. Additionally, at the
atomic level, electronic characteristics can be tuned by regulat-
ing the coordination environment of the active site.

At the material architecture level, heterostructures composed
of materials with different bandgaps have been widely used
to optimize electronic parameters in electrode materials for
photo/electrocatalysis,!!3] batteries,!'*] and supercapacitors.['’! At
the interface of two different semiconductors, rich phase bound-
aries, charge accumulation/depletion, an electric field, and elec-
tronic band bending are encountered.!*®! These singular regions
can promote the diffusion of ions/electrons and thus accelerate
the conversion reaction. For example, Zhang et al. prepared het-
erostructured Fe;C-FeN nanoparticles in a 3D-ordered nitrogen-
doped carbon and demonstrated the Fe,C/FeN heterointerface to
exhibit high sulfiphilicity.('”]

At the atomic level, vacancy engineering, particularly anionic
vacancies, has been demonstrated as a successful approach to sig-
nificantly improve material properties by just modifying the com-
pound stoichiometry.'>18 Within sulfur hosts for LSB cathodes,
introducing an anion vacancy not only generally increases the
number of carriers within the crystal and changes the electronic
structure near the defect sites, but the activated unpaired cations
can also capture polysulfides efficiently,"?! thus improving the
sulfur utilization rate. As an example in this direction, Wang et al.
used an acid etching approach to produce ZnS nanotubes with
abundant sulfur vacancies, which they then supported on free-
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standing carbon cloth to use as LSB electrode. They showed the
combination of architectural and sulfur-vacancy engineering to
effectively modulate the electronic structure of ZnS, enhance its
interactions with active sulfur, facilitate ion/electron transfer, and
ultimately improve the LSB performance.l'® Numerous other
previous works have explored the effects of oxygen and sulfur va-
cancies on the performance of LSBs, however, the chemical affin-
ity and catalytic activity of Te vacancies as LiPSs have been very
rarely considered.!!">20]

Defect and heterojunction engineering strategies have been
validated separately in the context of LSBs, but no catalysts that
simultaneously use both of these two electronic modification
strategies to test their compatibility and potential synergy have
been reported. Given the intricate nature of the Li—S reaction sys-
tem, a single approach is unlikely to effectively meet the multiple
challenges posed by LSBs.

The present study employs a dual engineering approach, ma-
nipulating vacancies and heterointerfaces, to develop an opti-
mized TMT-based catalytic additive. More precisely, N-doped
carbon-coated bimetallic telluride heterostructures containing Te
vacancies (v-ZnTe/CoTe, @ NC) are used as sulfur hosts in LSBs.
We showcase here the exceptional specific capacity, stable cycling,
and superior rate capability of v-ZnTe/CoTe, @NC as sulfur host,
which can be attributed to the synergistic effects and functional-
ity of vacancies and heterointerface. These effects are observed
even at high loading and in lean electrolyte conditions, thereby
highlighting the remarkable potential of this system.

2. Results and Discussions

Scheme 1a illustrates the synthesis steps used to prepare v-
ZnTe/CoTe, @NC/S cathode materials and Scheme 1b the con-
version between Sg and Li,S involved in the LSB charging and
discharging process. The synthesis details can be found in the
Supporting Information (SI). Briefly, first, a zeolitic imidazole
framework (ZIF), particularly the zinc-based ZIF-8, was synthe-
sized by a self-assembly method at room temperature.[?!] After-
ward, a second metal-organic framework (MOF), cobalt-based
ZIF-67, with the same crystal structure as ZIF-8, was copre-
cipitated on the surface of the preformed ZIF-8 to produce
ZIF-8/ZIF-67 core-shell structures.[??) Afterward, ZIF-8/ZIF-67
particles were uniformly coated with polydopamine (PDA) us-
ing a tris-buffer solution (ZIF-8/ZIF-67 @PDA). Then, tellurium
powder was reacted at 600 °C with the Co and Zn cationic
nodes of the ZIF-8/ZIF-67@PDA precursor to obtain a zinc
telluride/cobalt telluride heterostructure. Meanwhile, PDA or-
ganic molecules shrank to form a porous structure and were
carbonized to form N-doped carbon (NC). Subsequently, Te va-
cancies were generated by annealing ZnTe/CoTe, @ NC under
a reducing atmosphere (Ar/H,). Finally, the sulfur-containing
v-ZnTe/CoTe, @NC/S composite was produced using a melt-
infiltration process.

The morphology of the as-prepared electrode materials was
monitored by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). Representative SEM im-
ages of the precursor are shown in Figure la and Figure
S1 (Supporting Information). ZIF-8, ZIF-8/ZIF-67, and ZIF-
8/ZIF-67@PDA all show the conventional dodecahedral par-
ticle morphology with a regular and smooth surface.[21P22b:23]
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Scheme 1. a) Schematic illustration of the synthesis procedure used to produce v-ZnTe/CoTe, @NC/S composites. b) Scheme of the LSB charging and

discharging process.

Due to the growth/coating of the additional layer, the ZIF-
8/ZIF-67@PDA particle size is larger than that of ZIF-8, at
550 and 500 nm, respectively. ZnTe/CoTe, @NC obtained by re-
acting ZIF-8/ZIF-67@PDA with Te inherited the dodecahedral
particle morphology (Figure 1b). However, the pyrolysis pro-
cess resulted in a notable agglomeration and shrinkage of the
ZnTe/CoTe, @NC particles, down to 200 nm. After annealing
under a reducing atmosphere to generate Te vacancies, the pro-
duced v-ZnTe/CoTe, @ NC material maintained the aggregation,
particle size, and morphology of ZnTe/CoTe, @NC (Figure 1c).
Representative TEM images of the final sulfur host material, v-
ZnTe/CoTe, @NC, are shown in Figure 1d and Figure S2 (Sup-
porting Information). v-ZnTe/CoTe, @ NC is formed by 200 nm
hollow polycrystalline particles with a crystal domain size of
about 10 nm. Electron energy loss spectroscopy (EELS) chemi-
cal composition maps display an uneven distribution of N, Te,
Zn, Co, C within the v-ZnTe/CoTe, @ NC nanostructured dodec-
ahedral particles (Figure 1le and Figure S3, Supporting Informa-
tion). We observe multiple nanodomains of ZnTe and CoTe,,
while N is mainly distributed on the material surface provided
by the initial PDA coating. Results from the SEM-energy dis-
persive x-ray spectroscopy (EDX) spectra of ZnTe/CoTe, @NC, v-
ZnTe/CoTe, @NC and the reference CoTe, @NC and ZnTe@NC
materials are displayed in Figure S4 (Supporting Information).
EDX analysis shows the amount of Te in v-ZnTe/CoTe, @NC to
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be ~10% lower than in ZnTe/CoTe, @ NC (Figure S4, Supporting
Information).

The high-resolution TEM (HRTEM) image of v-
ZnTe/CoTe,@NC in Figure 1f shows that the lattice fringes
displayed in the red squared magnified detail correspond to the
(022), (210), and (2—1-2) crystal planes of ZnTe visualized along
the [1-22] zone axis, while the lattice spacings shown in the
orange squared detail correspond to the (220) and (1-20) crystal
planes of CoTe, visualized along its [001] zone axis. In addition,
a distinct ZnTe/CoTe, interface can be observed in Figure 1g.

The XRD  patterns of v-ZnTe/CoTe,@NC  and
ZnTe/CoTe,@NC show the fingerprints of both the cubic
ZnTe phase (F-43m, peaks at 25.3°(111), 41.8°(220), and
49.5°(311), JCPDS PDF#15-0746), and the orthorhombic phase
of CoTe, (Pnn2, peaks at 31.7°(111), 32.9°(120), 43.5°(211),
JCPDS PDF#89-2091) as shown in Figure 2a.[?*! The absence
of discernible XRD peaks from the carbon shell is ascribed to
the strong crystallinity of the metal tellurides (ZnTe/CoTe,).
To analyze the graphitization degree of carbon, we compared
the intensities of the D (1350 cm™!) and G (1590 cm™!) Raman
vibrational modes associated with the disordered structure and
bond stretching motion of sp? hybridized carbon, respectively
(Figure S5 and Table S1, Supporting Information).?’! While
amorphous carbon provides more electrochemically active
sites, graphitized carbon improves catalyst conductivity and
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Figure 1. a—c) SEM images of ZIF-8/ZIF-67@PDA, ZnTe/CoTe,@NC, and v-ZnTe/CoTe, @NC. d) Low-magnification HAADF-STEM image of v-
ZnTe/CoTe, @NC. e) EELS chemical composition maps of v-ZnTe/CoTe, @ NC obtained from the red squared area in the STEM micrograph. f,g) HRTEM
micrographs from the v-ZnTe/CoTe, @ NC sample showing ZnTe and CoTe, crystal domains and a ZnTe/CoTe, interphase, and their corresponding power

spectrum.

promotes charge transfer. However, no significant variations
were observed among the various samples. The I,/I; peak
intensity ratio was less than 1 in all the carbon-containing
samples (v-ZnTe/CoTe, @NC, ZnTe/CoTe,@NC, CoTe, @NC,
and ZnTe@NC), indicating that the carbonization process was
highly effective in forming graphitized carbon from PDA.

The specific surface area and pore volume of v-
ZnTe/CoTe,@NC, ZnTe/CoTe,@NC, CoTe,@NC, and
ZnTe@NC were investigated using N, adsorption/desorption
isotherms (Figure S6a, Supporting Information). The
Brunauer—-Emmett-Teller (BET) specific surface area of

Adv. Funct. Mater. 2023, 33, 2305624
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v-ZnTe/CoTe, @NC, ZnTe/CoTe,@NC, CoTe,@NC, and
ZnTe@NC was 589, 537.2, 51897, and 485.6 m? g ~'. In
addition, the pore sizes of the four sulfur host cathode mate-
rials were concentrated in the range of 0—-50 nm (Figure S6b,
Supporting Information). The huge specific surface areas and
small pores characterizing the produced materials are suitable
to accommodate and disperse sulfur, preventing the dissolution
and shuttling of sulfur during the electrochemical reaction, and
further improving the utilization of active materials.['°!

While no significant electron paramagnetic resonance
(EPR) peak was obtained from ZnTe/CoTe,@NC, the
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Figure 2. a) XRD patterns of v-ZnTe/CoTe, @NC, ZnTe/CoTe, @NC, CoTe,@NC, and ZnTe@NC. b) EPR images of the v-ZnTe/CoTe, @NC and
ZnTe/CoTe, @NC. c) XPS Co 2p core-level spectrum. d) Zn 2p core-level spectrum. e) Te 3d core-level spectrum. f) Electrical conductivity of v-
ZnTe/CoTe, @NC, ZnTe/CoTe, @NC, CoTe, @NC, and ZnTe@NC tested by the four-point probe method at different pressures. g) Density of states
(DOS) of v-ZnTe/CoTe,, ZnTe/CoTe,, CoTe, and ZnTe. The d band center is marked with a blue dotted line. h-k) Electron gain/loss of different atoms
calculated by Bader charge analysis. In panels h and |, yellow represents the gain of electrons and blue represents the loss of electrons.
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v-ZnTe/CoTe, @NC sample displayed a sharp signal at g =
2.003 that can be assigned to the existence of unpaired electrons
and associated with the Te vacancies generated during the ther-
mal process under reducing (Ar/H,) atmosphere (Figure 2b).

The Co 2p X-ray photoelectron spectroscopy (XPS) spectrum
of ZnTe/CoTe, @NC displays one doublet assigned to Co** at
780.7 eV (Co 2p;);) and 796.4 eV (Co 2p, ;) (Figure 2c). These
binding energies are redshifted compared with CoTe, @NC
(781.0 and 796.7 eV),** indicating an electronic influence of the
ZnTe within the ZnTe/CoTe, @NC. The Zn 2p XPS spectrum
also displays a doublet at 1021.6 eV (Zn 2p; ;) and 1044.7 eV (Zn
2p, ;) assigned to Zn** (Figure 2d). This doublet is blueshifted
with respect to ZnTe@NC.[?] The simultaneous blueshift of
the Zn 2p spectrum and redshift of the Co 2p spectrum in
ZnTe/CoTe, @NC points towards a decrease in the electronic
density of Zn?* within ZnTe and an increase in Co** within
CoTe,, which is consistent with an electronic injection from
ZnTe to CoTe,. The Te 3d XPS spectra show two doublets at
572.3 eV/583.1 eV and 575.2 eV/586.1 eV assigned with metal-
Te bonds and tellurium oxide formed by surface oxidation of the
ZnTe/CoTe, (Figure 2e).?* A slight positive shift of the binding
energy is also observed for the Te’~ component of CoTe, @NC
compared with ZnTe, @NC, while the Te 3d spectrum of the
ZnTe/CoTe, @NC appears in between those of CoTe, @NC and
ZnTe, @NC. Compared with ZnTe/CoTe, @NC, the Co 2p, Zn
2p, and Te 3d XPS spectra of v-ZnTe/CoTe, @NC are negatively
shifted. This is consistent with the presence of Te vacancies in-
creasing the electronic density at anionic sites.[1%] The C1s XPS
spectra display peaks at 284.6, 286.2, and 288.4 eV attributed
to C=C, C—0, and C=0 respectively (Figure S7a, Supporting
Information).'! The N 1s spectra show strong bands demon-
strating the presence of N within the carbon (Figure S7b, Sup-
porting Information). Three peaks at binding energies of 398.4,
399.8, and 402.1 eV, corresponding to pyridinic-N, pyrrolic-N,
and graphitic-N were fitted. According to previous reports, N, es-
pecially pyridinic-N, can efficiently increase electron density and
interaction with sulfur/polysulfides. It was also reported that the
pyridinic-N and pyrrolic -N could effectively improve the affinity
and binding energy of polar atoms with elemental sulfur (Sg) and
polar polysulfides (Li,S,,, 4 < n < 8) by the strong Lewis acid—base
interaction.[”]

Four-point probe conductivity tests (Figure 2f) showed v-
ZnTe/CoTe, @NC to have a slightly higher electrical conductiv-
ity, 7.2 x 10?2 S cm™!, than ZnTe/CoTe, @NC (6.4 X 10* S cm™?),
CoTe,@NC (3.5 x 10> S cm™), and ZnTe@NC (1.8 x 10* S
cm™!). The moderate electrical conductivity differences are re-
lated to the dominant role played by NC in the charge trans-
port properties of the overall layer. Still, the larger conductiv-
ities obtained for v-ZnTe/CoTe, @NC are explained by the ad-
ditional carriers contributed by the presence of vacancies. Be-
sides, both heterostructured materials, v-ZnTe/CoTe, @NC and
ZnTe/CoTe, @NC, show much larger electrical conductivities
than the single telluride materials, ZnTe@NC and CoTe, @NC,
which demonstrate the formed heterostructure to significantly
contribute to improving charge transport.

DFT calculations were used to gain insight into the het-
erostructure electronic properties and effects (Figure 2g). DFT
calculations of the total density of states (TDOS) of ZnTe were
able to reproduce the discontinuous bandgap at the Fermi level
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providing the semiconductor behavior. In contrast, we found the
conduction band of ZnTe/CoTe, contains prominent hybridiza-
tion bands that introduce a large TDOS at the Fermi level. While
the TDOS of both v-ZnTe/CoTe, and ZnTe/CoTe, are continu-
ous, the d band center of the two materials is compared by PDOS,
showing that the d band center of the heterostructure electrode
material with Te vacancies is slightly closer to the Fermi level.
According to d-band theory, the shift of the d-band center of a
metal toward the Fermi level increases the probability of electrons
filling the antibonding orbital between the metal and adsorbed
molecules, which boosts the ability to adsorb sulfur species.!?8!
Therefore, for v-ZnTe/CoTe, @NC, the d-band shift caused by
vacancies is expected to enhance the adsorption capacity of
LiPSs and promote the deposition of Li,S in subsequent battery
tests.

DFT calculations of a theoretical slab model based on ZnTe
and CoTe, were used to determine the electron gain and loss of
atoms near the contact interface (see details in the Supporting In-
formation). As shown in Figure 2h,i, the differential charge distri-
bution demonstrates that electron transfer occurs at the heteroin-
terface between ZnTe and CoTe,. To quantitatively determine the
charge redistribution at the v-ZnTe/CoTe, interface and quantify
the electron transfer between different atoms at the interface,
a Bader charge analysis was performed (Figure 2j,k). From the
Bader charge analysis, the acquisition of 1.26 electrons by the
CoTe, unit from the ZnTe layer was calculated for v-ZnTe/CoTe,.
On the other hand, for ZnTe/CoTe,, the CoTe, unit obtains 0.39
electrons from the ZnTe layer. Thus, in v-ZnTe/CoTe, the CoTe,
obtains a significantly large amount of charge (0.87 additional
electrons) from the ZnTe layer, than in ZnTe/CoTe, indicating
that vacancies have a very strong effect on the interphase charge
redistribution. The gain of electrons by CoTe, coming from ZnTe
is consistent with XPS results.

Li,S¢ adsorption experiments were performed to determine
the LiPS adsorption ability of the different compounds. Equal
amounts of v-ZnTe/CoTe, @NC, ZnTe/CoTe, @NC, CoTe, @NC,
and ZnTe@NC were introduced into 8 x 107 m Li,S, solu-
tions and left undisturbed overnight (see details in the Support-
ing Information). As observed from the optical images shown
in Figure 3a, while the initial Li,S; solution was dark brown,
after overnight absorption, the supernatant of the solution con-
taining ZnTe/CoTe, @ NC shows a significantly lighter color than
that of the solutions containing ZnTe@NC and CoTe, @NC, in-
dicating that the formation of heterostructures is beneficial to the
adsorption of polysulfides. Besides, the supernatant of the solu-
tion containing v-ZnTe/CoTe, @NC was even more decolored,
demonstrating that v-ZnTe/CoTe, @NC has an even stronger
affinity towards Li,S,, which must be associated with the pres-
ence of Te vacancies. The LiPS adsorption was further analyzed
by UV-vis spectroscopy (Figure 3b), Li,S, shows an obvious ab-
sorption band in the range of 350-400 nm, which gradually de-
creases in the presence of adsorbent materials. Particularly, no
UV-vis absorption peak is observed in the solution containing
v-ZnTe/CoTe, @NC.

After the LiPSs adsorption tests, v-ZnTe/CoTe, @ NC was dried
and characterized by XPS (Figure 3c,d). The high-resolution Co
2p and Zn 2p spectra of the sample after LiPS adsorption ap-
peared slightly shifted toward lower binding energies compared
with fresh v-ZnTe/CoTe,@NC. This shift is attributed to the
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Co/Zn active sites chemically bonding with the more electroneg-
ative S atoms in LiPSs.

DFT calculations were performed to further analyze the in-
teraction between host materials and LiPSs. The surface ad-
sorption configuration of six different sulfur-containing species
(Li,S, Li,S,, Li,S,, Li,S,, Li,Sg, and Sg) in v-ZnTe/CoTe, and
ZnTe/CoTe, were optimized as shown in Figures S8 and S9 (Sup-
porting Information). DFT results show that the LiPSs binding
energy of v-ZnTe/CoTe, is higher than that of ZnTe/CoTe, at the
six stages of the lithiation process. Figure 3e,f shows the Li, S, ad-
sorption configuration on v-ZnTe/CoTe, and ZnTe/CoTe,. The
adsorption energies of Li,S, on the surfaces of v-ZnTe/CoTe,
and ZnTe/CoTe, are —1.37 and —1.31 eV, respectively. The bond
length of Li-S on the v-ZnTe/CoTe, (3.48 A) is longer than on
ZnTe/CoTe, (3.03 A), which reveals that v-ZnTe/CoTe, can fa-
cilitate the decomposition of Li,S. These results are consistent
with Te vacancies within ZnTe/CoTe, effectively promoting the
adsorption of polysulfides.

To evaluate the LiPSs conversion ability in the presence of dif-
ferent catalysts, symmetrical cells with different host materials
in 0.5 M Li, S, electrolyte were assembled and tested using cyclic
voltammetry, CV, Figure 3g). Compared with ZnTe/CoTe, @NC,
CoTe, @NC, and ZnTe@NC cells, the v-ZnTe/CoTe, @NC sym-
metric cells show the highest current density, which points to
an enhanced catalytic ability. Notice that the CV curve obtained
in a Li,S,-free electrolyte shows a low current response, which
demonstrates that lithiation/delithiation reactions dominate the
current response.

The kinetics of the Li,S nucleation process on the sur-
faces of v-ZnTe/CoTe, @NC, ZnTe/CoTe, @NC, CoTe, @NC, and
ZnTe@NC were studied to evaluate the catalytic activity of the
sulfur hosts. The v-ZnTe/CoTe, @NC cathode exhibited faster
nucleation time and higher current response in the potention-
static test at 2.05 V compared to ZnTe/CoTe, @NC, CoTe, @NC,
and ZnTe@NC (Figure 3h). According to Farady’s theory (Q = It,
where Q, I, and t represent capacity, discharge current, and time
respectively), the capacity of v-ZnTe/CoTe, @NC is 238.4 mAh
g1, which is much higher than that of ZnTe/CoTe, @NC (201.7
mAh g™'), CoTe, @NC (182.6 mAh g™!) and ZnTe@NC (147.8
mAh g™'). Overall, these experimental results show that the v-
ZnTe/CoTe, @ NC electrode can effectively reduce the Li—S redox
reaction overpotential, restrain the LiPSs shuttle effect, and pro-
mote the nucleation reaction of Li,S.

The Tafel curves of different sulfur host cathodes are shown
in Figure 3i. Compared with ZnTe/CoTe, @NC, CoTe, @NC, and
ZnTe@NC, v-ZnTe/CoTe, @NC is characterized by the smallest
Tafel slope, which further indicates that v-ZnTe/CoTe, @ NC can
promote the formation of Li,S and accelerate the oxidation reac-
tion kinetics.

DFT calculations were further used to determine the Gibbs
free energies of the v-ZnTe/CoTe, and ZnTe/CoTe, reduction
pathways. The lithiation pathway for the Li,S formation from Sg
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was studied. The optimized model and free energy distribution of
polysulfide intermediates are shown in Figure 3j. The first step is
the reaction of two Li* with Sy to form Li, S,. Subsequently, Li, S,
is further reduced to Li, S, Li, S, Li, S,, and finally, Li,S. For both
v-ZnTe/CoTe, and ZnTe/CoTe,, the maximum Gibbs free energy
increase was obtained for the transformation of Li,S, to Li,S,,
being the Gibbs free energy change for the v-ZnTe/CoTe, sam-
ple lower than that of ZnTe/CoTe,. This result shows that the re-
action thermodynamics of S is more favorable on v-ZnTe/CoTe,
than on ZnTe/CoTe,

To study the electrochemical performance of the different
materials as sulfur hosts, they were infiltrated with S to ob-
tain v-ZnTe/CoTe, @NC/S, ZnTe/CoTe, @NC/S, CoTe, @NC/S,
and ZnTe, @NC/S composites. Upon sulfur incorporation, the
structure of the host material was effectively inherited, with no
sulfur aglomerates observed on the surface of the host mate-
rial (Figures S10-S12, Supporting Information). EELS chemi-
cal composition maps show S to be relatively evenly distributed
across v-ZnTe/CoTe, @NC/S (Figure S13, Supporting Informa-
tion). Compared to v-ZnTe/CoTe, @NC (589 m? g ~1), upon the
introduction of sulfur, a dramatic decrease in surface area was
measured for v-ZnTe/CoTe, @NC/S (32.9 m? g™!), suggesting
that S infiltrates throughout most of the host material pores
(Figure S14, Supporting Information). Besides, X-ray powder
diffraction (XRD) patterns further confirm the presence of S
within the final electrode material (Figure S15a, Supporting In-
formation). Thermogravimetry analysis (TGA) shows that the
sulfur loading of v-ZnTe/CoTe, @NC/S is about 68% (Figure
S15b, Supporting Information)

Coin cells were assembled using the sulfur cathodes,
lithium foil as anode, and a solution of 1.0 M lithium
bis(trifluoromethanesulfonyl)imide and 0.2 m LiNO; in a mix-
ture of 1,3-dioxolane (DOL) and1,2-dimethoxyethane (DME) with
a volume ratio of 1:1 as electrolyte (see details in the Sup-
porting Information). The galvanostatic charge/discharge (GCD)
curves of the different cathode materials (v-ZnTe/CoTe, @NC/S,
ZnTe/CoTe, @NC/S, CoTe, @NC/S, and ZnTe@NC/S) at a cur-
rent rate 0.1C are shown in Figure 4a and Table S2 (Supporting
Information). As generally observed in LSBs,?°! two distinct volt-
age plateaus are obtained during the cell discharge. The first volt-
age plateau at 2.4-2.1 V is mainly attributed to the conversion of
Sg tolong-chain LiPSs (Sq to Li, S,). The second voltage plateau in
the voltage window of 2.1-1.7 V corresponds to the liquid-solid re-
action of polysulfides gaining electrons and reducing to insoluble
Li,S, (Li,S, to Li,S,) and the solid—solid reaction of Li, S, to Li,S.
Compared with other sulfur cathodes, v-ZnTe/CoTe, @NC/S ex-
hibits the highest initial specific capacitance (1608 mAh g~!), well
above that of ZnTe/CoTe, @NC/S (1290 mAh g~!), CoTe, @NC/S
(1105 mAh g™!), and ZnTe@NC/S (1005 mAh g™1).

The GCD curves of the v-ZnTe/CoTe,@NC/S,
ZnTe/CoTe,@NC/S, CoTe,@NC/S, ZnTe@NC/S, and NC/S
cathodes at various current rates are shown in Figure 4b and

Figure 3. Photographs a) and absorbance curves b) of the static Li,S¢ adsorption experiment. c) Co 2p XPS spectra of v-ZnTe/CoTe, @NC and v-
ZnTe/CoTe, @NC-Li,Sq. d) Zn 2p XPS spectra of v-ZnTe/CoTe, @NC and v-ZnTe/CoTe, @NC-Li,S¢. €) Model of the binding energy to Li,S¢ to v-
ZnTe/CoTe, and ZnTe/CoTe. f) Binding energies of different polysulfides (Sg, Li,Sg, Li;Sg, LiyS4, LiyS,, and Li,S) to v-ZnTe/CoTe, and ZnTe/CoTe,.
g) CV curves of symmetric cells with different electrode compositions (v-ZnTe/CoTe, @NC, ZnTe/CoTe, @NC, CoTe, @NC, and ZnTe@NC) at the scan
rate of 5 mV s~1. h) Potentiostatic discharge curves on different electrodes for studying the nucleation kinetics of Li,S. i) Tafel plots and LSV polarization
curves (insert) of v-ZnTe/CoTe, @NC, ZnTe/CoTe, @NC, CoTe, @NC, and ZnTe@NC j) Gibbs free energy profiles and optimized adsorption model of
LiPS species on v-ZnTe/CoTe, and ZnTe/CoTe,.
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Figures S16 and S17 (Supporting Information). As the current
rate increased from 0.1C to 0.2C, 0.5C, 1C, 2C, and 3C, the spe-
cific capacitances of the v-ZnTe/CoTe, @ NC/S cathode decreased
from 1608.8 to 1112.2, 908.9, 811.1, 698.7, and 618.2 mA h g1,
respectively. A clear voltage plateau can be observed even at the
highest currentrate of 3C, indicating that the v-ZnTe/CoTe, @ NC
host could effectively catalyze the conversion of LiPS. When
the current rate returns to 0.2C, the specific capacity of the
v-ZnTe/CoTe, @NC/S electrode recovers to 1040 mAh g7,
demonstrating notable stability after high-rate charge—discharge
processes. The performance of the v-ZnTe/CoTe, @NC/S elec-
trode was well above that of all the other electrodes, particularly
ZnTe/CoTe, @NC/S, demonstrating the positive effect played by
the TMT catalyst, the Te vacancies and the heterojunctions.

The electrochemical performance of electrodes based on v-
ZnTe/CoTe, @NC composites annealed under Ar/H, for dif-
ferent times, thus containing different amounts of vacancies,
is shown in Figure S18 (Supporting Information). We observe
the electrode based on the composite annealed for just 1 h (v-
ZnTe/CoTe, @NC/S-1 h) to be characterized by clearly lower spe-
cific capacities associated with a too-low content of Te vacancies.
Besides, the electrode based on the composite annealed for 5 h
(v-ZnTe/CoTe, @NC/S-5 h) also displayed a lower performance
than that annealed for 3 h (v-ZnTe/CoTe, @NC/S-1 h). Thus, an
optimum amount of Te vacancies exist. While too-short anneal-
ing times do not introduce enough Te vacancies, too-long times
strongly reduce the material changing its electronic band struc-
ture and overall properties. Previous works have also shown the
existence of an optimal vacancy concentration to maximize the
performance of catalytic systems and energy storage devices!?>30]

The voltage difference AE between the oxidation platform and
the second reduction platform is generally regarded as the po-
larization potential of the Li-S reaction (Figure 4c).”! The po-
larization voltage of the v-ZnTe/CoTe, @NC (135 mV) electrode
was significantly lower than that of ZnTe/CoTe, @NC (144 mV),
CoTe,@NC (172 mV), and ZnTe@NC (184 mV). Thus, while
both heterostructured tellurides showed an effective promotion
of the LiPSs reaction kinetics compared with the single tellurides,
the presence of vacancies further enhanced the reaction kinetics.

The capacity ratio of the first discharge platform (Q,) to the
second discharge platform (Q,) can be used as a quantitative
representation of the catalytic activity of the host material for
LiPS conversion.!*?! Since the first platform involves 4 electrons
and the second platform involves 12 electrons of the full 16-
electron Sg lithiation process, the theoretical ratio of Q,/Q, is
3. In practice, this ratio is always lower than 3 due to the dis-
solution of polysulfides that do not participate further in the re-
action and the incomplete reduction from Li,S, to Li,S at the
second discharge plateau. Thus Q,/Q, values reflect the degree
of completion of the reduction reaction, which is mainly related
to the ability of the host material to catalyze it and inhibit the
shuttling effect. The Q,/Q; value of the four cathode materials
(v-ZnTe/CoTe, @NC/S, ZnTe/CoTe, @NC/S, CoTe, @NC/S, and
ZnTe@NC/S) are shown in Figure 4c. Consistently with pre-

=
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vious results, the v-ZnTe/CoTe, @NC/S electrode exhibits the
highest Q,/Q; ratio at 2.82, close to the theoretical value and
well above that of ZnTe/CoTe, @NC (2.65), CoTe, @NC (2.51),
and ZnTe@NC (2.43). Again, the two heterostructured tellurides
showed improved performance over the single tellurides and the
presence of vacancies further boosted the catalytic performance
of the heterostructured materials.

The rate performance curves of the different sulfur cathodes
are shown in Figure 4d,e. The specific capacity of all electrodes
gradually decreases with the increase of the current rate. The v-
ZnTe/CoTe, @NC/S electrode shows the highest specific capaci-
ties at all current rates, further demonstrating that the formation
of vacancies and heterojunctions effectively promote polysulfide
adsorption and charge transfer.

CV curves of the different cells at a scan rate of 0.1 mV~! are
shown in Figure 4f. All curves show two cathodic peaks (C; and
C,) and one anodic peak (A), which is consistent with the mea-
sured charge/discharge plateaus. The two cathodic peaks and
the anodic peak represent the reduction of sulfur to polysulfides
(Sg/Li,Sg — Li, S¢/Li,S,) followed by their reduction to Li,S, /Li, S
(Li,S¢/Li,S, — Li,S,/Li,S), and the oxidation of polysulfides to
sulfur (Li,S,/Li,S — Li,Sg/Sg), respectively. Among the differ-
ent cathode materials, v-ZnTe/CoTe, @NC/S exhibits the high-
est current densities, showing the most effective conversion of
polysulfides, and the lowest polarization voltages. The cathodic
peaks of the v-ZnTe/CoTe, @NC/S cathode show a much larger
current density and are slightly shifted to higher potentials com-
pared with the other cathodes, suggesting a promoted conversion
of LiPSs to insoluble Li, S, /Li, S within the v-ZnTe/CoTe, @NC/S
cathode. Besides, the oxidation peak of v-ZnTe/CoTe, @NC/S is
shifted to a lower potential, indicating an enhanced Li,S decom-
position.

The onset potentials at a current density of 10 pA cm~2 beyond
the baseline current were used to quantitatively estimate the elec-
trocatalytic activity (Figure 4g and Figure S19, Supporting Infor-
mation). Cells based on v-ZnTe/CoTe, @NC/S cathodes showed
the highest cathodic peak onset potentials and the lowest anodic
peak onset potentials, which further demonstrated that the pres-
ence of vacancies and heterostructures accelerates the redox re-
action kinetics.

CV curves at different scan rates, 0.1-0.4 mV s~!, within a volt-
age window of 1.7-2.8 V were used to study the reaction kinet-
ics and the lithium—ion diffusion (Figure S20, Supporting In-
formation). For all the cathode materials, as the scan rate in-
creases, there is a gradual increase in the peak current inten-
sity while the peak shape remains unaltered, which indicates ex-
cellent electrochemical properties. The CV curves show a linear
relationship between the peak current () and the square root
of the scan rate (v), as shown in Figure 4h and Figure S21a,b
(Supporting Information). According to the Randles—Sevcik
equation

1

I, =269 x10°n'° A D}*°Civ" (1)

Figure 4. a) GCD curves of the different cathodes (v-ZnTe/CoTe, @NC/S, ZnTe/CoTe, @NC/S, CoTe, @NC/S, and ZnTe@NC/S) at a current rate of 0.1C.
b) GCD curve of v-ZnTe/CoTe, @NC/S at a current density of 0.1C-C. ¢) AE and Q,/Q; values of the as-prepared electrode during the charge-discharge
process. d,e) Rate performance of the different electrodes. f) CV curves of different electrodes at a scan rate of 0.1 mV~". g) Peak and onset potentials
of the different electrodes. h) Peak current versus square root curve of scan rate. i) Nyquist plot of the EIS spectra of the v-ZnTe/CoTe, @NC/S. j) Long
cycle test of different electrodes at 1C for 500 cycles and coulombic efficiency (v-ZnTe/CoTe, @NC). k) Capacitance retention after 500 cycles.
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where n is the number of charges, A is the geometric area of the
electrode, and C};* represents the concentration of Li*. Thus, the
diffusion coefficient of Li* (D;+) can be calculated from the lin-
ear fitting of I, versus v*°.

v-ZnTe/CoTe, @NC/S electrodes displayed the sharpest
slopes, corresponding to the highest D;;* values at the two
cathodic peaks and the anodic peak (taken as whole despite
its broadness), 2.1 x 1077, 3.5 x 1077, and 5.7 x 1077 cm?
s7!, respectively. The ZnTe/CoTe,@NC/S electrode exhib-
ited similar slopes and thus D;;* values, which were well
above those of CoTe, @NC/S and ZnTe@NC/S (Figure S21c,
Supporting Information). These results indicate that the
heterojunction accelerates the diffusion of Li* during the
redox reaction, while vacancies played a minor role in this
parameter.

To study the interfacial charge transfer kinetics, electrochem-
ical impedance spectroscopy (EIS) measurements were per-
formed. The Nyquist plots of the EIS spectra obtained from
the v-ZnTe/CoTe, @NC/S, ZnTe/CoTe,@NC/S, CoTe,@NC/S,
and ZnTe@NC/S coin cells before and after cycling and the
equivalent circuit are shown in Figure 4i and Figure S22-
S23 (Supporting Information). All the electrodes show a semi-
circle in the high-frequency region related to the charge
transfer resistance (R, in the equivalent circuit) and then a
straight line in the low-frequency region whose slope is re-
lated to the Li-ion diffusion resistance.l*!l In particular, the v-
ZnTe/CoTe, @NC/S fresh electrode showed the lowest R, (48.6
Q) compared with ZnTe/CoTe, @NC/S (61.8 Q), CoTe, @NC/S
(88.6 Q) and ZnTe@NC/S (97.6 Q) electrodes. Electrodes
v-ZnTe/CoTe, @NC/S and ZnTe/CoTe, @NC/S show approxi-
mately equal slopes in the low-frequency region, but well larger
than CoTe, @NC/S and ZnTe@NC/S, indicating that the hetero-
junction facilitates the diffusion of Li*, which is consistent with
the Li*diffusion coefficients calculated from the CV curves. Af-
ter the charge—discharge cycle, an additional R-C element, i.e.,
an additional interphase, was required to fit the high-frequency
range of the EIS spectra (R, in the equivalent circuit). This ad-
ditional element was related to the deposition of insulating dis-
charge products of Li, S on the electrode surface during the cycle.
The v-ZnTe/CoTe, @NC/S electrode showed considerably lower
R, and R, compared to ZnTe/CoTe, @NC/S, CoTe, @NC/S, and
ZnTe@NC/S electrodes (Figure S24, Supporting Information).
These lower resistances are consistent with faster polysulfide
conversion reactions and faster charge transfer kinetics during
lithiation/delithiation reactions. A lower R, was obtained after
cycling associated with the chemical activation process of disso-
lution and redistribution of the active material.*?!

The cycle stability curves of the different electrodes (v-
ZnTe/CoTe, @NC/S, ZnTe/CoTe,@NC/S, CoTe,@NC/S, and
ZnTe@NC/S) at a current rate of 1C for 500 cycles are shown in
Figure 4j. The v-ZnTe/CoTe, @NC/S-based cell exhibits the high-
est initial specific capacity, followed by the ZnTe/CoTe, @ NC/S.
Besides, after 500 cycles, these two electrodes also showed the
highest capacity retention at 82.5% and 56.7%, above that of
CoTe,@NC/S, and ZnTe@NC/S at 45.1%, and 25.6%, respec-
tively (Figure 4k). These results are again consistent with the
formation of vacancies and heterostructures favoring the conver-
sion of polysulfides, preventing more polysulfides from dissolv-
ing into the electrolyte.
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After 500 cycles, the coin cells were disassembled and an-
alyzed (Figure S25, Supporting Information). Compared with
ZnTe/CoTe, @NC/S, CoTe, @NC/S, and ZnTe@NC/S, the mem-
brane of v-ZnTe/CoTe, @NC/S was almost transparent, indicat-
ing a lower amount of LiPS reaching the membrane. Besides, the
lithium anode of the cycled v-ZnTe/CoTe, @NC/S coin cell shows
much lower corrosion (Figure S26, Supporting Information) and
a low concentration of S (Figure S27, Supporting Information),
further confirming the effective trapping of LiPs at this cathode.

To determine the stability of the vacancies of the sulfur host
material during cycling, the EPR spectrum of the cycled electrode
material was analyzed and it is shown in Figure S28 (Supporting
Information). A strong signal related to unpaired electrons and
associated with the Te vacancies can be observed, showing that
Te vacancies are maintained in the electrode material after cy-
cling. However, the signal intensity decreased and its center po-
sition shifted from 2.003 to 1.98, which indicates the interaction
of the Te vacancies with sulfur/polysulfides. Part of the original
Te vacancies sites, particularly those at the material surface, may
contain sulfur-based ions that the unpaired electrons thus not
contributing to the EPR signal.

The performance dependence on the sulfur mass loading and
the amount of electrolyte are important parameters to evaluate
the practical application of LSB. The GCD curves of a high sul-
fur loading cell, 5.4 mg cm™!, based on the v-ZnTe/CoTe, @NC/S
cathode are shown in Figure 5a. All the curves show a charg-
ing platform and two discharging platforms, denoting a proper
performance. When the current rate is 0.1C, 0.2C, 0.5C, 1C,
2C, and 3C, the specific capacitances are 1273, 1104, 904.8,
808.3, 728.6, and 636.8 mA h g1, respectively (Figure 5b). When
the current rate returns to 0.1C, the specific capacity of the v-
ZnTe/CoTe, @NC/S electrode recovers to 1158 mAh g='. The
moderate decrease in specific capacitance with the increasing
current rate indicates that the v-ZnTe/CoTe, @ NC/S has an excel-
lent rate performance even at this relatively high sulfur loading
because of its better electron transfer properties.

At high sulfur loading (5.4 mg cm™2), when the elec-
trolyte amount was decreased to 12.3 pL mg!, the v-
ZnTe/CoTe, @NC/S cathode maintained a capacity above 1050
mAh g for at least 100 cycles, which corresponds to a slow ca-
pacity fade of 0.18% per cycle (Figure 5c). When further reduc-
ing the electrolyte amount to 7.5 uL mg~!, v-ZnTe/CoTe, @NC/S
still maintained a capacity of 890.8 mA h g™ after 100 cy-
cles (Figure 5d). These excellent results demonstrate that v-
ZnTe/CoTe, @NC effectively promotes the conversion of poly-
sulfides, prevents the shuttling of polysulfides, and further im-
proves the utilization of sulfur even at high loading and lean
electrolyte conditions. By comparing with the other tested cath-
odes, this excellent performance must be associated with the
formed heterostructures and the presence of tellurium vacancies.
In addition, v-ZnTe/CoTe, @NC/S cathodes stand out when com-
pared with previous reports on sulfur host materials based on het-
erostructures or incorporating vacancies (Figure S29 and Tables
S3 and S4, Supporting Information).33]

Pouch cells based on v-ZnTe/CoTe, @ NC/S cathodes were fur-
ther assembled and their cycle stability was tested (Figure S30,
Supporting Information). At a current rate of 0.1C, the pouch
cells containing a sulfur loading of 5.6 mg cm™? and 11.2 mL
g! electrolyte retained 86.78% of their capacity after 150 cycles.

© 2023 Wiley-é%—( GmbH
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Figure 5. a) GCD curve of electrode v-ZnTe/CoTe, @NC/S under high loading (5.4 mg cm~2). b) Rate performance curve. c,d) Cycling stability of v-
ZnTe/CoTe, @NC/S at 0.1C after 100 cycles at different electrolyte contents. e) Two v-ZnTe/CoTe, @NC/S-based pouch cells powering a commercial

temperature and humidity monitoring clock.

Figure 5e displays how v-ZnTe/CoTe, @ NC/S-based pouch cells
can power a temperature and humidity monitoring clock, show-
ing that the prepared electrodes have practical applications. Ad-
ditionally, the electrochemical performance of pouch cells with
higher sulfur loading and lower electrolyte composition were as-
sembled and tested (Figure S31, Supporting Information). As ob-
served in Figure S31a,c (Supporting Information), when the sul-
fur load was increased to 6.4 and 8.2 mg cm~2, the capacitance
retention rates were 77.6% and 75.4% after 100 cycles at a cur-
rent rate 3C. Besides, when reducing the electrolyte content to
6.3 and 4.8 mL g™, the capacitance retention rates were 85.9%
and 83.3% after 100 cycles at a current rate 3C (Figure S31b,c,
Supporting Information).

3. Conclusions

In summary, a NC-based composite containing small amounts
of ZnTe/CoTe, heterostructures with Te-vacancies as sulfur re-
dox catalyst has been developed. As shown using both DFT cal-
culations and experimental results, the presence of Te vacan-
cies enhances the adsorption of LiPSs and promotes catalytic
activity. The heterostructured TMT promotes the diffusion of
ions and increases the electrical conductivity of the material.
Benefiting from the optimized structure and composition, v-
ZnTe/CoTe, @NC/S exhibits high initial capacity (1608 mA h™!
at 0.1C), excellent rate capability, and long cycle life, even at high
sulfur loading and in lean electrolyte conditions. Overall, this
work demonstrates the combination of defect and interface engi-
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neering to be an effective strategy to optimize the electrochemical
performance of LSB cathode materials.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Experimental section
Materials

Cobalt(Il) nitrate hexahydrate (analytical reagent, AR, Co(NO3)2-6H>0), zinc nitrate
hexahydrate (AR, Zn(NO3)>-6H>0), tris(hydroxymethyl)-aminomethane (Tris, > 99.8%) and 2-
methylimidazole (AR, C4HgN2) were obtained from Sigma Aldrich. Tellurium powder (AR, Te),
methanol (AR, CH30H), polyvinylidene fluoride (PVDF), N-methylpyrrolidone (NMP), 1,3-
dioxolane (DOL), 1,2-dimethoxyethane (DME) and dopamine hydrochloride (DA-HCl) were
purchased from Fisher. All chemicals were used as received, without further processing.

Deionized water was used for all the water-based experiments.
Synthesis of Zn-MOF (ZIF-8)

0.873 g Zn(NO3)2-6H20 was dissolved in 40 mL methanol to form solution A. 1.15 g of 2-
methylimidazole was dissolved in 40 mL methanol solution to form solution B. Then solution
B was quickly added to solution A under rapid stirring. The obtained mixture was aged for 24
h. The white resulting powder was collected by centrifugation, washed with ethanol three times,

and dried in a vacuum oven at 70 °C for 12 h to obtain ZIF-8.
Synthesis of Co-ZIF-67 in the presence of ZIF-8 (ZIF-8/Z1F-67)

200 mg ZIF-8 was dispersed in 50 mL methanol solution, and then 0.5 g Co(NO3)2-6H>0 was
added to the above solution to form solution C. 1.5 g of 2-methylimidazole was dissolved in 50
mL methanol to form solution D. Then, solution D was quickly added to solution C under
stirring. The product was washed with ethanol three times and finally centrifuged and dried to
obtain the purple solid (ZIF-8/ZIF-67). For comparison, Zn-ZIF-8 and Co-ZIF-67 were

synthesized similarly, using Zn (NO3)2 6H>O and Co(NOs3), 6H>O as precursors.
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Synthesis of ZIF-8/ZIF-67@PDA

1 mmol tris(hydroxymethyl)-aminomethane (Tris, > 99.8%) was dissolved in 100 mL ethanol
to form a homogeneous solution. 60 mg of ZIF-8/ZIF-67 was added to the above solution and
sonicated for 1h to form solution E. 60 mg DA-HCI was added to solution E and kept stirring
for 6 h. Then, the material was centrifuged and washed with ethanol three times. Finally, the
material was centrifuged and dried in a vacuum oven at 70 °C for 10 h to obtain a black solid
(ZIF-8/Z1F-67@PDA). ZIF-8@PDA and ZIF-67@PDA were obtained by a similar synthesis

process.
Synthesis of ZnTe/CoTex@NC

ZIF-8/ZIF-67@PDA (100 mg) and tellurium powder (300 mg) werre pyrolyzed at 600°C under
Ar for 2 h to obtain ZnTe/CoTe:@NC. CoTe:@NC and ZnTe@NC were obtained in the same

way from ZIF-8@PDA and ZIF-67@PDA.
Synthesis of v-ZnTe/CoTex@NC

v-ZnTe/CoTe:@NC powders were obtained by annealing ZnTe/CoTex@NC powders at 350 °C
for 3 h in an Ar/H> atmosphere. The vacancy content can be modified by tuning the annealing
time and temperature and potentially by adjusting the reducing power of the annealing
atmosphere, i.e. controlling the amount of hydrogen. Because the annealing temperature can
strongly affect other material parameters and the change of the atmospheric concentration is not
convenient in our set-up, we choose to modify the Te vacancy concentration through the

annealing time, in the range between 1h and 5h.

Synthesis of NC

The ZIF-8/ZIF-67 @PDA particles are then subjected to thermal annealing in flowing Ar at
900 °C at a ramp rate of 2 °C min!, Zn nanoparticles evaporate under high-temperature
conditions, followed by etching away the unstable Co nano particles with H>SO4. Finally, NC

was obtained.
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Synthesis of v- ZnTe/CoTe: @NC/S, ZnTe/CoTe; @NC/S, CoTe: @NC/S and ZnTe @ NC/S

v-ZnTe/CoTeo@NC, ZnTe/CoTer@NC, CoTe@NC, and ZnTe@NC were grounded with
sulfur in a mortar at a mass ratio of 3:7. The obtained material was heated in a tube furnace at

155°C for 12 h, and then at 300°C for 2 h under Ar atmosphere to remove surface sulfur.
Physical characterization

Crystal structures and crystalline phases were analyzed by X-ray diffraction (XRD) on a Bruker
X-ray diffractometer with Cu K® irradiation at 40 kV. The microstructure morphology was
observed by scanning electron microscopy (SEM, ZEISS Ultra-55) and transmission electron
microscopy (TEM, JEM-2100HR). The N; adsorption and desorption curves were used to
determine the specific surface area and pore size distribution by Brunauer-Emmett-Teller
equation and Barret-Joyner-Halenda (BJH) methods. X-ray photoelectron spectroscopy (XPS,
K-Alpha+, Thermo Fisher Scientific) was utilized to determine the surface elemental
compositions of the samples. The degree of graphitization of the electrode material was
analyzed by Raman spectroscopy. A Perkin Elmer Lambda 950 UV—vis spectrophotometer was
used to measure UV—vis absorption spectra. The thermal stability and S loading of the products
was characterized by thermogravimetric analysis (TGA, STA209PC). The electronic
conductivity of electrodes was tested by the digital four-probe method on samples prepared by
pressing electrode material into sheet structure at different pressures at room temperature (Four

Probes Tech, RTS-9, China).
Electrochemical characterization

Cathodes were obtained by the following method: first, the active material (v-
ZnTe/CoTex@NC/S, ZnTe/CoTea@NC/S, CoTex@NC/S and ZnTe@NC/S), Super P and

polyvinylidene fluoride (PVDF) were mixed and ground at a ratio of 8:1:1. Then, N-
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methylpyrrolidone (NMP) was added to the uniformly mixed powder to form a slurry. Finally,
the slurry was coated on an aluminum foil and cut into 12 mm raw sheets (the active material
S content is about 1.5 mg cm™) to obtain the working electrode. To test the electrochemical
performance of the electrode materials, the working electrode as the cathode, a lithium foil as
the anode, and a Celgard 2400 membrane as the separator were assembled into a coin cell. The
electrolyte was obtained by dissolving 1.0 M lithium bis(trifluoromethanesulfonyl)imide and
0.2 M LiNOs in a mixture of DOL and DME with a volume ratio of 1:1. The amount of
electrolyte was about 20 pL for each coin cell. To test the electrochemical performance at high
sulfur loads (5.4 mg cm™), additional electrolyte was added to the coin cells. All cells
underwent aging to ensure sufficient electrolyte penetration before performing electrochemical
tests. Galvanostatic charge/discharge (GCD) tests were performed at a current rate of 0.1C-5C
with a voltage window of 1.7 V-2.8 V by using a Neware BTS4. CV tests were studied at scan
rates of 0.1 mV s - 0.4 mV s~!. EIS tests were also performed by the same electrochemical

workstation.
Synthesis of Li>Ss solution and adsorption test

S and Li,S were dissolved into a mixed solution of DME and DOL (V/V=1:1) according to the
ratio 5:1, and then stirred overnight at 80 °C to obtain a Li»Se solution. For the polysulfide
absorption performance test, 25 mg of v-ZnTe/CoTex @NC, ZnTe/CoTe2@NC, CoTez @NC and

ZnTe@NC was immersed into a 3.0 mL mixture solution and aged overnight.
Synthesis of symmetrical cells and measurements

The preparation of the symmetrical battery is similar to the preparation of the LSBs but using
two identical electrodes .(v-ZnTe/CoTe:@NC, ZnTe/CoTe2@NC, CoTe:@NC and ZnTe@NC)
as the working and the counter electrode respectively. 40 pL of electrolyte containing 0.5 M

Li>Se and 1 M LiTFSI dissolved in DOL/DME (V/V= 1:1) was added into the coin cells. The

S5

95



loading of each electrode is about 0.5 mg cm™2. The prepared symmetrical battery was tested at

a scan rate of 5mV sl
Nucleation experimental test of Li>S

v-ZnTe/CoTeo@NC, ZnTe/CoTex@NC, CoTeo@NC, and ZnTe@NC were dispersed into
ethanol solution, and coated onto carbon paper as working electrodes. Lithium foil was used as
the counter electrode. 0.25 M Li>Sg with 1.0 M LiTFSI in tetraethylene glycol dimethyl ether
solution and 1.0 M LiTFSI solution without Li>Sg were used as catholyte and anolyte
respectively. The prepared battery was first discharged to 2.06 V at 0.1 mA, and then a constant

voltage deposition experiment was carried out at a voltage of 2.05 V.
DFT calculations

All DFT calculations were performed using the Vienna Ab-initio Simulation Package (VASP).
The Perdew-Burke-Ernzerhof (PBE) functional for the exchange-correlation term was used
with the projector augmented wave (PAW) potentials and a cutoff energy of 400 eV. The
convergence of energy and forces were set to 1x10-4 eV and 0.05 eV/A, respectively. The
heterojunction model was constructed by the CoTe (200) and ZnTe (220). The lattice mismatch
was no more than 3% and the vacuum layer was set as 15 A to avoid the interactions between

layers. The adsorption energy AE,.q was calculated as:
AE = E(surf+ad) - Emif - Eaa

where Esurrraa) 18 the energy of the LiPS adsorbed on the surface, E.ris the energy of the clean

surface, and Euq is the energy of the free LiPS.
The formula for calculating the Gibbs free as fellow:
AG(Ss-Li2Ss): Epi,s, — Es, — 2E;+
AG(Li2Ss-Li2S¢): Eyi,s, — Epi,s, + 0.25Eg,

AG (Li2Se-LizSs): Epgys, — Epgys, + 0.25Es,
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AG(LiZS4-Li2S2): ELiZSZ - ELiZS4 + 025ESS

AG(Li2S2-Li2S): Epi,s — Epiys, + 0.125E,
Pouch cell assembly and measurements:
The v-ZnTe/CoTex@NC/S cathode and lithium anode were cut into 3x2 cm pieces. The sulfur
loading of the cathode in the pouch cell was 1.6 mg cm 2. The E/S ratio was about 20 uL mg !,

the thickness of the lithium belt anode was 0.4 mm. Separator and electrolyte were sandwiched

between the tailored and v-ZnTe/CoTe,@NC/S lithium belt.

ZIF-8/67

S7

97



Figure S2. TEM images of v-ZnTe/CoTe2@NC (a) and v-ZnTe/CoTe2@NC/S (b).

Figure S3. STEM micrograph (left) and EELS chemical composition maps of v-

ZnTe/CoTex@NC obtained from the red squared area in the STEM micrography.
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Figure S4 EDX spectrum of v-ZnTe/CoTex@NC ZnTe/CoTex@NC, CoTe@NC and

ZnTe@NC.
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Figure S5. Raman spectra of v-ZnTe/CoTex@NC, ZnTe/CoTe@NC, CoTex@NC, and

ZnTe@NC.
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Figure S6. (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution diagram

of v-ZnTe/CoTex@NC, ZnTe/CoTe2@NC, CoTe2@NC, and ZnTe@NC
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Figure S7. (a) C 1s XPS spectra and (b) N Is XPR spectra of v-ZnTe/CoTe@NC,

ZnTe/CoTex@NC, CoTex@NC, and ZnTe@NC.
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Figure S8. DFT-based optimized geometrical configurations of ZnTe/CoTe. with LiPSs.

Li;S-1.37eV ' Li,Sy-1.94 ¢V Sy-0.84 ¢V

Figure S9. DFT-based optimized geometrical configurations of v-ZnTe/CoTe> with LiPSs.
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Figure S10. (a) SEM image of ZnTe/CoTex @NC/S. (b) XRD pattern of ZnTe/CoTe, @NC/S.

(c) EDX elemental mapping images: Co, Zn, Te, S, and N. (d) EDX spectrum.

S13

103



CoTe,@NC'$

Sg, PDF#83-2284

20 30 40 50 60 70

Intensity (a.u.)

ull Scale 158535 cts Cursor: 0.000 ket

Figure S11. (a) SEM image of CoTe, @NC/S. (b) XRD pattern of CoTe, @NC/S. (¢c) EDX

elemental mapping images: Co, Te, S, and N. (d) EDX spectrum.

S14

104



b nTe@NC/$

Intensity (a.u.)

S, PDI¥83-2284

T

ull Scale 15835 cits Cursor: D.000 (=R

Figure S12. (a) SEM image of ZnTe@NC/S. (b) XRD pattern of ZnTe@NC/S. (¢) EDX

elemental mapping images: Zn, Te, S, and N. (d) EDX spectrum.

Figure S13. STEM micrograph and EELS chemical composition maps of v-

ZnTe/CoTe@NC/S obtained from the red squared area in the STEM micrograph.
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Figure S14. Nitrogen adsorption-desorption isotherms, pore size distribution diagram and Pore

volume histograms of v-ZnTe/CoTe,@NC/S.
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Figure S15. XRD pattern (a) and TGA curve (b) of v-ZnTe/CoTe>@NC/S.
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Figure S16. GCD curves of cells based on ZnTe/CoTex@NC/S (a), CoTex@NC/S (b), and

ZnTe@NC/S (c) at current densities in the range 0.1C-3C.
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Figure S17. (a) GCD curve of NC/S electrode. When the current rate is 0.1C, 0.2C, 0.5C, 1C,
2C, and 3C, the specific capacitances are 757, 621, 526, 381, 264, and 56 mAh g!, respectively.
When the current rate returns to 0.2C, the specific capacity of the v-ZnTe/CoTex@NC/S
electrode recovers to 379 mAh g, (b) Rate performance curve. The specific capacity of NC/S

decreases with the increase of the current rate. further demonstrating that the formation of NC/S

has moderate electrochemical performance.
S17

107



a 28 3C 20 1C05C 0.2C 0.1C b 284 3C2C1C 0.5C 0.2C 0.1C 1600 o v InTe/CoTe@NC/S3h
- - o v-ZnTe/CoTe,@ -5h
o s s v-ZuTe/CoTe,@NC/S-1h
- @ .Oo
= o £ 12001
224 B 24 =7 .,
-E —f '5 B o ’ &
£ s 2 1 ;,\000:0200 9904
= s = J Y05,888009000
= -~ z 5 - l?:“ﬂﬂﬂ:o‘aggg g??gg
20 20 2 i -
Z PTIED
& 4001
1.6+ T T T T 1.6 T T T T T T T T T
0 300 600 900 1200 1500 0 300 600 900 1200 6 12 18 24 30 36
Specific Capacity (mAh g) Specific Capacity (mAh ¢™) Cycles Numbers

Figure S18. (a,b) GCD curve of v-ZnTe/CoTe:@NC/S-5h (a) and v-ZnTe/CoTe@NC/S-
1h (b), (c) Rate performance of the different electrodes.
Compared with v-ZnTe/CoTex@NC/S-5h (1355 mAh g ! at 0.1C) and v-ZnTe/CoTex@NC/S-
1h (1265 mAh g! at 0.1C), v-ZnTe/CoTex@NC/S-3h (1608 mAh g! at 0.1C) exhibits higher
initial specific capacitance and excellent rate performance, indicating that the content of

vacancies can affect the electrochemical performance of electrode materials.
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Figure S19. Onset potentials for Li-S redox reactions. (a, c, e and g) Differential CV curves of
(a) v-ZnTe/CoTe2@NC/S, (¢) ZnTe/CoTex@NC/S, (e) CoTe2@NC/S and (g) ZnTe @NC/S. (b,
d, fand h) CV curves and corresponding onset potentials of redox peaks A, Ci, and C» (inset):

(b) v-ZnTe/CoTex@NC/S, (d) ZnTe/CoTe:@NC/S, (f) CoTe2@NC/S and (h) ZnTe@NC/S.
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Figure S20. CV curves of cells based on v-ZnTe/CoTe:@NC/S, ZnTe/CoTe@NC/S,

CoTex@NC/S, and ZnTe@NC/S electrodes at scan rates in the range 0.1mV s'-0.4mV s
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Figure S21. Peak current vs. square root of scan rate for different cathodes, v-
ZnTe/CoTex@NC/S, ZnTe/CoTe:@NC/S, CoTex@NC/S and ZnTe@NC/S. a) A oxidation peak.

b) C1 reduction peak. (c) Li" diffusion coefficient calculated from the CV redox peaks

according to the Randles-Sevcik equation
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Figure S22. EIS spectra of (a) ZnTe/CoTex@NC/S, (b) CoTe:@NC/S (¢) ZnTe@NC/S coin

cells before and after cycling.
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Figure S23. Equivalent circuits used to fit the EIS spectra of the assembled coin batteries before

(a) and after (b) cycling
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Figure S24. Resistances of the four coin cells as obtained from the fitting of the EIS spectra

using the equivalent circuits.

S21
111



Figure S25. Optical photographs of v-ZnTe/CoTex@NC/S, ZnTe/CoTex@NC/S, CoTea@NC/S

and ZnTe@NC/S electrodes and membranes after 100 cycles.

InTe/@NC/S

Figure S26. SEM images of the Li-anodes of the cycled cells based on v-ZnTe/CoTex@NC/S

(a), ZnTe/CoTe2@NC/S (b), CoTe2@NC/S (¢), and ZnTe@NC/S (d) cathodes.
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Figure S27. EDS mapping image of Li anode showing sulfur signal of the cycled cells based
on v-ZnTe/CoTe:@NC/S (a), ZnTe/CoTea@NC/S (b), CoTe:@NC/S (¢), and ZnTe@NC/S (d)

cathodes.
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Figure S28. EPR spectrum of v-ZnTe/CoTe.@NC before and after cycling.
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Figure S29. Comparison of the capacity obtained with the v-ZnTe/CoTex@NC/S cathode with

specific capacities of previously reported vacancy and heterostructure-based electrodes at a

current density of 0.1C. References can be found in Table S3.
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Figure S30. Cycle stability of a v-ZnTe/CoTex@NC/S-based pouch cell at 0.1C. Loading: 5.6

mg cm™ and 11.2 mg L! electrolyte.
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Figure S31. (a) Cycling stability of v-ZnTe/CoTe2@NC/S-based pouch batteries with different
sulfur loading at 3C during 100 cycles. (b) Cycling stability of v-ZnTe/CoTe,@NC/S-based
pouch batteries with different amounts of electrolyte at 3C during 100 cycles. (c) Capacity

retention of the pouch cells under high loading and lean electrolyte.

Table S1. Ip/Ig value of v-ZnTe/CoTe:@NC, ZnTe/CoTe:@NC, CoTe:@NC, ZnTe @NC.

Sample In/lc
v-ZnTe/CoTe,@NC 0.92
ZnTe/CoTe,@NC 0.93
CoTex@NC 0.94
S25
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ZnTe@NC 0.95

Table S2. Comparison of the specific capacitance at a current density of 0.1C of v-

ZnTe/CoTe@NC/S, ZnTe/CoTe:@NC/S, CoTex@NC/S and ZnTe@NC/S.

Sample Specific capacity (mAh g1)
v-ZnTe/CoTe,@NC/S 1608
ZnTe/CoTe,@NC/S 1290
CoTex@NC/S 1105
ZnTe/@NC/S 1005

Table S3. Electrochemical performance comparisons of v-ZnTe/CoTex@NC/S with similar

materials reported previously.

Sample Specific capacitance Current Ref.
(mAh /g) Density (C)
WSey.s ! 1241.5 0.1 [1]
MoS>-x/C09Ss.x ] 1382.5 0.1 [2]
D-VS, Bl 1492.2 0.1 [3]
CoO/NiOM™ 1343 0.1 [4]
Ni-Co-P/CBI 1412.6 0.1 [5]
NiO/NiS, [6] 1580 0.1 [6]
v-ZnTe/CoTe,@NC 1608 0.1 This work
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Table S4 Energy density comparison of different electrodes.

Sample Specific capacitance S loading Energy Ref.
(mAh /g) (mg cm?) density
(Whkg™)

CosSes@NC/SP? 1438 1.5 901 [7]

WSe; 5/SP! 1241.5 1.5 869 [1]
Co09Ss/MWCNTs/S! 1154 1.5 832 [8]
LDH/CooSg/SP! 1339 1.5 1070 [9]

v-ZnTe/CoTe,@NC/S 1608 1.5 1115 This work
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Chapter 5

Electronic Spin Alignment within
Homologous NiS»/NiSe;
Heterostructures to Promote Sulfur
Redox Kinetics in Lithium-Sulfur
Batteries
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5. Electronic Spin Alignment within Homologous NiS2/NiSe:
Heterostructures to Promote Sulfur Redox Kinetics in

Lithium-Sulfur Batteries

Key Findings

1. A homogeneous heterostructure composed of NiS»/NiSe; was successfully
synthesized using a Ni-MOF precursor, exhibiting uniform morphology and
strong structural integration.

2. The NiS2/NiSe; heterostructure facilitated spin splitting of the Ni** 3d orbitals,
inducing a low-spin to high-spin state transition that increased the number of
unpaired electrons and activated the electronic structure.

3. Enhanced electron transfer and optimized polysulfide adsorption energy were
observed in the heterostructure, which significantly lowered the energy barrier
for polysulfide redox conversion.

4. The NiS2/NiSex@NC/S cathode delivered excellent electrochemical
performance in Li—S batteries, including a high initial capacity of 1458 mAh g
Iat 0.1C, superior rate capability (572 mAh g at 5C), and long-term cycling
stability with only 0.025% capacity decay per cycle over 500 cycles at 1C. Even
at a high sulfur loading of 6.2 mg cm™, a capacity of 1058 mAh g™! was retained
after 300 cycles.

Introduction

The performance limitations of LSBs are largely attributed to sulfur’s inherent electrical
insulation, the dissolution and migration of LiPSs, and significant volumetric changes
during cycling. To mitigate these challenges, the design of advanced sulfur host
materials with high conductivity, strong chemical adsorption, and catalytic capability is
essential.

Transition metal chalcogenides, particularly sulfides and selenides, have attracted
attention for their exceptional electronic properties, electrocatalytic activity, and ability
to interact chemically with LiPSs. Among them, nickel-based compounds, such as NiS:

and NiSez, show promise due to their conductive nature and catalytic potential.
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Purpose and Background

This chapter explores the use of a homogeneous heterostructure composed of NiS; and
NiSe; as a sulfur host material. While previous studies primarily focused on
heterogeneous systems involving different metal elements, we hypothesized that
combining different anions (S and Se) with the same metal cation (Ni) could achieve
strong lattice compatibility and introduce favorable electronic modulation.

The motivation for selecting this system includes:

Enhanced conductivity: Transition metal sulfides/selenides improve charge transport.
Strong LiPSs adsorption: Polar surfaces form chemical interactions with LiPSs,
reducing their mobility and mitigating the shuttle effect.

Catalytic activity: These materials can catalyze the redox conversion of sulfur species,
accelerating reaction kinetics.

Structural stability: Their rigid frameworks help buffer volume changes and improve
long-term mechanical stability.

Study Design and Experimental Methods

We designed a synthesis route starting with Ni-based MOFs as precursors. The
procedure involved:

Synthesis of Ni-MOF: Prepared via solvothermal reaction using ethanol, trimesic acid
(HsBTC), Ni(NO3)2:6H20, and PVP.

Formation of Ni/NC: The Ni-MOF was annealed at 500 °C under an Ar atmosphere,
reducing Ni*" to metallic Ni while converting organic ligands into NC.
Heterostructure generation: Equal masses of elemental sulfur and selenium were
introduced to obtain the NiS2/NiSe2@NC composite via sulfurization and selenization.
Sulfur loading: Sulfur was incorporated through melt-infiltration to yield the final
NiS2/NiSex@NC/S cathode.

Magnetic and EPR characterizations were conducted to probe the electronic state
transitions and spin configuration in the heterostructure.

Results and Discussion

Structural and Electronic Properties

The NiS2/NiSe> composite formed a homogeneous heterostructure with hollow
morphology, ensuring a high surface area and efficient polysulfide interaction.
Magnetic characterization indicated stronger magnetic behavior compared to NiS> and
NiSe> alone. EPR results showed more unpaired electrons in NiS2/NiSex@NC,

confirming enhanced spin state activity.
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The transition from low-spin to high-spin Ni** states led to an increased density of
active sites and improved catalytic performance, facilitating better electron transport
and lower overpotential for polysulfide conversion.

Electrochemical Performance

At 0.1C, the initial capacity reached 1458 mAh g, showcasing high sulfur utilization.
At high rates (5C), the cathode still delivered 572 mAh g”!, indicating excellent rate
capability.

Over 500 cycles at 1C, the capacity fade rate remained low at 0.025% per cycle,
illustrating outstanding durability.

Under a high sulfur loading of 6.2 mg cm™, the material achieved a practical areal
capacity of 7.27 mAh cm™, retaining 1058 mAh g! after 300 cycles.

These results validate that the homogeneous heterostructure effectively balances
conductivity, catalytic activity, and mechanical stability.

Conclusion

The design of a NiS2/NiSe> homogeneous heterostructure based on MOF-derived
synthesis offers a highly effective approach for enhancing the electrochemical
performance of LSBs. The synergistic effects of spin-state modulation, improved
electronic structure, and stable architecture contribute to both high capacity and long-
term cycling stability. This study further supports the potential of tailored anion

engineering in developing next-generation sulfur host materials.
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The catalytic activation of the Li-S reaction is fundamental to maximize the
capacity and stability of Li-S batteries (LSBs). Current research on Li-S
catalysts mainly focuses on optimizing the energy levels to promote
adsorption and catalytic conversion, while frequently overlooking the
electronic spin state influence on charge transfer and orbital interactions.
Here, hollow NiS,/NiSe, heterostructures encapsulated in a nitrogen-doped
carbon matrix (NiS,/NiSe, @ NC) are synthesized and used as a catalytic
additive in sulfur cathodes. The NiS,/NiSe, heterostructure promotes the
spin splitting of the 3d orbital, driving the Ni** transformation from low to
high spin. This high spin configuration raises the electronic energy level and
activates the electronic state. This accelerates the charge transfer and
optimizes the adsorption energy, lowering the reaction energy barrier of the
polysulfides conversion. Benefiting from these characteristics, LSBs based on
NiS,/NiSe, @NC/S cathodes exhibit high initial capacity (1458 mAh-g~ at
0.1C), excellent rate capability (572 mAh-g=" at 5C), and stable cycling with an
average capacity decay rate of only 0.025% per cycle at 1C during 500 cycles.
Even at high sulfur loadings (6.2 mg-cm=2), high initial capacities of 1173
mAh-g=! (7.27 mAh-cm~2) are measured at 0.1C, and 1058 mAh-g~' is
retained after 300 cycles.

1. Introduction

Lithium-sulfur batteries (LSBs) hold great
potential for the development of future en-
ergy storage systems for mobility and sta-
tionary applications due to their high en-
ergy density and abundant sulfur resources.
However, their commercialization is cur-
rently hampered by several challenges,
including!'l: 1) the migration of lithium
polysulfides (LiPSs) that progressively re-
duce the amount of cathode active material
while decreasing the electrolyte ion mobil-
ity and degrading the anode surface; 2) a
poor conductivity of sulfur and lithium sul-
fides (Li,S,/Li,S), which increase the sys-
tem internal resistance and limits active
material utilization, particularly at high sul-
fur loadings; 3) slow Li-S redox reaction
kinetics that limits the rate performance
and also the amount of active material par-
ticipating in each cycle; and 4) the severe
volume changes during charge/discharge
that reduce the LSB cycling stability.l?]
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Various strategies have been proposed to address these lim-
itations, including the use of multifunctional separators®! and
particularly the incorporation of host materials and additives
within the sulfur cathode.*]

High surface area and porous carbon materials are fundamen-
tal as sulfur hosts in LSB cathodes, contributing to the physical
trapping of the LiPSs, the damping of the volume changes, and
especially to facilitate charge transport within the electrode.l®]
However, the weak chemical interaction between the nonpolar
carbon surface and polar polysulfides falls short of completely
inhibiting the migration of LiPS, posing a challenge in achieving
stable long-term cycling.[®! Such carbon hosts are also inefficient
in accelerating the Li-S redox reaction.

Polar inorganic additives can be used to promote LiPS trap-
ping and catalyze the Li-S reaction. Among the vast array of po-
tential catalysts, nickel-based compounds stand out due to their
exceptional performance, even at low doses, which stems from
nickel’s notable high activity and versatility.”] Nickel is also the
fifth most abundant element on Earth, which results in a moder-
ate cost, four orders of magnitude lower than that of platinum-
group metals. Ni also offers additional oxidation states over Pt
and Pd, which allows both to catalyze single electron reactions
and form more diverse catalytic phases. In this direction, the re-
dox Ni?*/Ni** shows particularly high activity compared to other
metal-based compounds. Besides, nickel facilitates hemolytic
bond cleavage, has a strong affinity to unsaturated systems and
coordination of multiple bonds, and is highly nucleophilic on
account of its relatively small size, which makes it a privileged
reagent for cross-coupling. On top of this, nickel shows notable
electrical conductivity and resistance to bulk oxidation, which al-
lows it to maintain good electrical conductivity under operation
conditions.

Compared with oxides, chalcogenides show a lower energy gap
between the bonding and antibonding orbitals, which is regu-
lated by the chalcogen P-band.[®] At the same time, the reduced
electronegativity difference between the metal and the chalcogen
decreases the electron-pull effect leading to an increase in the en-
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ergy of the bonding state that can enhance the interfacial 4>~ /S%-
redox kinetics.”!

Based on the above advantages, Ni-based chalcogenides exhibit
great potential as catalytic additive to activate the Li-S reaction in
LSB cathodes. In this direction, nickel sulfide displays particu-
larly high polysulfide adsorption capability,'°! but its moderate
electrical conductivity limits the electrode performance and thus
calls for an additional phase. In this regard, several heterostruc-
tured systems have been demonstrated effective in regulating the
surface state of electrode materials, potentially improving both
charge transport and transfer, e.g. NiS,/WS,,l"!l NiS,/ZnS,!?]
MoS,/NiS,[*] and MnS/NiS, /MoS,.['*] However, most previous
works had focused on composites comprised of different met-
als, a strategy that unfortunately tends to limit both the perfor-
mance and especially the stability of the resultant materials. This
limitation arises from the introduction of defects, which detri-
mentally impact the charge transport. Furthermore, these defects
and stresses can adversely affect the structural and mechanical
integrity of the material, leading to a progressive performance
deterioration.

Both NiS, and NiSe, exhibit a pyrite structure wherein Ni*
ions are surrounded by six X,?~ units. Despite this structural
similarity, they display distinct d-electron configurations. This
difference endows NiSe, with superior electrical conductivity, at-
tributed to its more favorable electron mobility. In contrast, NiS,
is characterized by a faster charge transfer capability.'*] These
contrasting electronic properties can be synergistically integrated
within homologous composites. In this direction, the versatility
of nickel chalcogenides emerges as particularly advantageous.
This is primarily due to the flexible valence states exhibited by
nickel and the ability of chalcogenides to concatenate. As a re-
sult, it becomes feasible to engineer materials encompassing a
variety of Ni/chalcogen ratios. This compositional flexibility al-
lows for the fine-tuning of the electrochemical properties of these
composites, enabling tailored optimization to meet specific per-
formance criteria in various electrochemical applications.

While extensive research has focused on the relationship be-
tween electronic energy levels and catalytic properties, the role
of electron spins in this dynamic has often been overlooked. In-
vestigating the role of spin states of electrons, particularly in
transition metal catalysts, could reveal new insights into reac-
tion mechanisms. Furthermore, understanding spin-related phe-
nomena could lead to the development of novel catalytic materi-
als designed with spin considerations in mind, potentially open-
ing new pathways in green chemistry and sustainable energy so-
lutions. Indeed, the spin state configuration of 3d transition met-
als is a key factor influencing the catalyst’s electronic structure
and determining its orbital occupation, activity, and selectivity.!'°!
This spin state can be effectively adjusted through external or
internal magnetic fields, the use of ligands, or stresses.!'%17]
As an example, we recently reported that transition Co atoms
experienced a spin transformation from low spin to high spin
under an external magnetic field, thereby generating more un-
paired electrons to promote charge transfer within LSBs.['7¢] Also
within the framework of LSBs, Li et al. revealed improved cat-
alytic activity of bimetallic phosphorus sulfides associated with
their composition-determined spin state.[**!

An innovative and effective approach for manipulating the
spin state of materials involves the utilization of heterointerfaces.
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The interface of semiconductor heterostructures is characterized
by a charge redistribution that results in an internal electric field
and an electronic band bending.[" This is linked to a rise in the
energy level of the 3d orbitals, thereby altering the metal-LiPS ad-
sorption strength. In addition, the heterostructure can split the
metal central orbital, thereby changing the electronic configura-
tion from a low-spin state to a high-spin state. This transition
can produce more unpaired electrons and active electronic states
in the 3d orbital. This strategy offers an excellent opportunity to
design catalysts with optimized catalytic performances, properly
defining their spin state by combining two dissimilar materials.
Despite the potential of heterointerfaces to tune spin states and
particularly their role in catalytic performance, few studies have
been reported in this direction, and all in the paradigmatic case
of the oxygen evolution reaction.?]

Beyond composition, the structural architecture of the sul-
fur host material also plays a fundamental role in determining
the LSB cathode electrochemical performance. A proper three-
dimensional (3D) organization of the different components is es-
sential to maximize the cathode performance, especially with the
challenging high sulfur loadings. Hollow materials are particu-
larly effective in alleviating volume changes during cycling while
at the same time providing high surface areas, which makes them
widely used in the fields of Li-ion batteries,[?!] supercapacitors,??!
and electrocatalysis.[*] The internal volume of hollow structures
and their large surfaces also allow the loading of large amounts
of sulfur.[?l Besides, hollow sulfur hosts can physically lock poly-
sulfides, thus reducing their migration.!*]

Taking into account all these considerations, herein, hollow
homologous heterostructure NiS,/NiSe, @ NC particles are syn-
thesized using a Ni-based metal-organic framework (MOF) as
a sacrificial template. The electronic structure and spin state of
the developed material are thoroughly characterized both experi-
mentally and using density functional theory (DFT) calculations.
NiS, /NiSe, @ NC is used as the sulfur host to assemble coin- and
pouch-type LSBs, whose performance is extensively tested even
under high sulfur loading (6.2 mg cm™?) and lean electrolyte con-
ditions.

2. Results and Discussions

Figure 1a illustrates the synthesis of the NiS, /NiSe, @NC/S cath-
ode material. The synthesis details can be found in the Experi-
mental section within the Supporting Information (SI). Briefly, to
produce NiS, /NiSe, @NC, first Ni-based hollow precursors (Ni-
MOF) were prepared by a solvothermal method using ethanol
as solvent, trimesic acid (H;BTC) as organic ligands, nickel (II)
nitrate as the metal source and polyvinylpyrrolidone (PVP) as
a stabilizer.[?) Subsequently, the Ni-MOF was heated to 500 °C
under an Ar atmosphere to reduce the Ni’* to metallic nickel
and carbonize the organic ligands into nitrogen-doped carbon.[’]
The obtained Ni/NC was then simultaneously sulfurized and
selenized, using equal mass amounts of S and Se, to form
the NiS, /NiSe, @ NC composite. Finally, NiS, /NiSe, @NC/S was
produced by introducing S through a melt-infiltration process.
Scanning electron microscopy (SEM) analysis revealed that
the precursor Ni-MOF is comprised of ~2 pm spherical parti-
cles characterized by their smooth surfaces and a hollow inter-
nal structure (Figure S1a, Supporting Information). The hollow
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nature of these particles was inferred from the incidental obser-
vation of a small number of particles that had fortuitously broken,
thereby providing a glimpse into their internal structure. To elu-
cidate the formation mechanism of the hollow structure, the par-
ticle evolution during the solvothermal reaction process was ex-
amined. Transmission electron microscopy (TEM) images show
how the structure of Ni-MOF particles gradually evolves from a
solid porous sphere to a partially hollow structure with a crys-
talline shell, and eventually a fully hollow and crystalline struc-
ture (Figure S2, Supporting Information). We associate this evo-
lution with the onset of the Ni-MOF crystallization at the solid-
liquid interface of preformed, low-density, amorphous Ni-based
particles.l?®] As the crystallization proceeds, the denser crystalline
shell grows at the expense of the low-density amorphous precur-
sor within the particle’s core. The organization of the material
into a denser shell results in a void inside the particles.

After carbonization, the obtained Ni@NC particles main-
tained the spherical and hollow architecture, but they signifi-
cantly shrank to an average diameter of ~500 nm, due to the de-
composition of the organic ligands (Figure S1b, Supporting In-
formation). After sulfuration and selenization, NiS, /NiSe, @NC
retains the Ni@NC hollow morphology and size (Figure 1b).
Energy-dispersive X-ray (EDX) spectroscopy combined with
SEM imaging and electron energy loss spectroscopy (EELS)
combined with high-angle annular dark field (HAADF) scan-
ning transmission electron microscopy (STEM) show the dif-
ferent elements to be homogeneously distributed within the
NiS, /NiSe, @NC composite at the 100 nm scale (Figure 1c,d).
EDX spectra showed the NiS, /NiSe, @ NC atomic elemental ra-
tio to be Ni/S/Se/N = 28/50/19/3 (Figure S3, Supporting In-
formation). High-resolution TEM (HRTEM) characterization of
NiS, /NiSe, @ NC shows the NiS, /NiSe, @ NC particles to be poly-
crystalline, formed by ~20 nm crystallites of both the NiS, and
NiSe, phases (Figure le).

Additional NiSe, @ NC and NiS, @NC reference samples were
produced by just selenizing or sulfurizing the Ni/NC (see details
in the SI). EDX compositional maps of these reference samples
also show a homogeneous distribution of the different elements
at the 100 nm scale (Figures S4 and S5, Supporting Information).

Figure 2a shows the X-ray diffraction (XRD) patterns of
NiS, /NiSe, @NC, NiSe,@ NC and NiS,@NC. The diffraction
peaks at 31°, 34.7°, 38.0°, 44.3°, and 52.6°, are attributed to (200),
(210), (211), (220), and (311) planes of NiS, (PDF #89-3058). The
diffraction peaks at 30.4°, 34.1°, 37.4°, 43.5°, and 51.5° are as-
signed to the (200), (210), (211), (220), and (311) planes of NiSe,
(PDF #88-1711). XRD data confirms the presence of both phases,
as observed by HRTEM imaging, but shows the amount of NiS,
phase to be notably higher than that of NiSe,. Using the Scher-
rer equation (Figure S6a, Supporting Information), the size of
the crystallites was estimated at ~20 nm, which is consistent
with HRTEM results. Compared with NiS, @NC, the peaks cor-
responding to the NiS, phase in the NiS,/NiSe, @NC XRD pat-
tern are slightly shifted to lower angles (Figure S6b, Supporting
Information). At the same time, compared with NiSe, @NC, the
peaks corresponding to the NiSe, phase in the NiS,/NiSe, @NC
XRD pattern are slightly shifted to higher angles. These shifts
are consistent with the different ionic radii of Se and S and de-
note a substantial Se and S doping within the NiS, and NiSe, lat-
tices, respectively. Using Vergard’s law (Figure S6c, Supporting
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Figure 1. a) Schematic diagram of the synthesis of the NiS, /NiSe, @NC/S cathode material. b) SEM image of NiS,,NiSe, @NC. c) SEM image and SEM-
EDX compositional map of NiS,/NiSe, @NC. d) HAADFSTEM image and STEM-EELS composition maps of NiS,/NiSe, @NC. ) HRTEM micrographs
from the NiS,/NiSe, @NC sample and the corresponding power spectra. The lattice fringes visualized in the red squared magnified detail correspond
to the (102), (121), and (02-1) crystal planes of NiS, visualized along the [4-1-2] zone axis. The lattice spacings shown in the orange squared detail
correspond to the (211), (200), and (2-1-1) crystal planes of NiSe, visualized along its [0-11] zone axis. Besides, the lattice fringes visualized in the green
squared magnified detail correspond to the (2-1-1), (200), and (211) crystal planes of NiS, visualized along the [0-11] zone axis.

Information), we estimated ~17% of S in NiSe, and ~#21% Se in
NiS, within the NiS, /NiSe, @ NC.

The XRD pattern of carbon is not observed due to the good
crystallinity of the Ni chalcogenides. Thus, the degree of carbon
graphitization was measured using Raman spectroscopy. The Ra-
man peaks centered at 1350 cm™ and 1590 cm™ correspond to
the D and G bands arising from the disordered structure and
bond stretching motion of sp? hybridized carbon, respectively
(Figure S7, Supporting Information). Their intensity ratio, I /I,
for NiS, /NiSe, @NC, NiSe, @NC, and NiS, @NC was 1.02, 1.03,
and 1.03, respectively (Table S1, Supporting Information), indi-
cating that carbon is present in both amorphous and graphi-
tized forms. This is convenient for electrochemical applications
because while amorphous carbon can provide additional elec-
trochemically active sites, graphitized carbon promotes charge
transport.[2%
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The specific surface area was determined from N, adsorp-
tion/desorption isotherms using the Brunauer-Emmett-Teller
(BET) calculation (Figure S8, Supporting Information). The
specific surface areas of NiS,/NiSe,@NC, NiSe,@NC and
NiS, @NC were 166.2 m?-g™!, 132.6 m?-g™! and 108.9 m?.g™! re-
spectively. In addition, the Barrett-Joyner-Halenda (BJH) pore
size distribution of the three electrode materials showed a main
contribution in the micropore size range, 0-50 nm. Such large
specific surface area and highly porous structure are associ-
ated with the hollow material architecture and the sulfuriza-
tion/selenization processes that generate additional pores within
the structure.

X-ray photoelectron spectroscopy (XPS) shows the surface of
NiS, /NiSe, @NC to be chalcogen-rich, (S+Se)/Ni = 6 (Table S2,
Supporting Information), with S accounting for 76% of the sur-
face chalcogen amount (Figure S9, Supporting Information).
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Figure 2. Structural and chemical characterization of NiSe, /NiS, @NC, NiSe,@ NC, and NiS, @NC. a) XRD patterns. b—d) High-resolution Ni 2p (b),

Se 3d (c), and S 2p (d) XPS spectra. e) Dependences of magnetization on the external magnetic field for NiS, /NiSe, @NC, NiSe, @NC, and NiS, @NC

at room temperature (300 K). f) EPR spectra for NiS,/NiSe, @NC, NiSe, @ NC and NiS, @NC. g) FT-EXAFS fitting curves of Ni K-edge for Ni foil. h)

FT-EXAFS fitting curves of Ni K-edge for NiS,/NiSe, @NC. i) XAFS fitting curves of Ni K-edge for Ni foil (K; space). j) XAFS fitting curves of Ni K-edge

for NiS,/NiSe, @NC (K; space). k-m) WT contour plots for Ni foil, Ni,S; and NiS,/NiSe, @NC at R space.
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The Ni 2p high-resolution XPS spectrum of NiS,/NiSe, @NC
(Figure 2b) shows two doublets assigned to Ni** (Ni 2p;, =
853.1 eV) and Ni** (Ni 2p;;, = 855.3 eV) and two satellite peaks.
Compared with NiS,@NC and NiSe, @NC, the binding ener-
gies (BEs) of Ni within NiS,/NiSe, @NC are red-shifted by ~0.8
eV. Besides, the Ni satellite peaks of the NiS,/NiSe, @NC are
significantly larger than those of NiSe,@NC and NiS,@NC
(Figures 2e; and S10 and Table S3, Supporting Information).
Generally speaking, the greater the relative Ni 2p satellite peak
area, the higher its magnetic susceptibility.l*/?°! Thus, XPS data
point to NiS,/NiSe, @NC having a larger magnetic suscepti-
bility than NiSe, @NC and NiS, @NC. The Se 3d spectrum of
NiS, /NiSe, @NC shows one doublet assigned to Se?~ within
a metal selenide chemical environment (Se 3d;, = 55.1 2V,
Figure 2c¢). The doublet is slightly blue-shifted by 0.2 eV with re-
spect to NiSe, @ NC, which is consistent with both the presence of
a significant part of the total Se within the NiS, lattice and with
some degree of charge transfer from NiSe, to NiS, within the
NiS, /NiSe, composite.*’] On the other hand, the S 2p spectra of
the different materials show four doublets that can be assigned to
divalent sulfide ions (S*7) within the NiSe, lattice (S 2p;, = 160.6
eV), $>~ within the NiS, (S 2p;;, = 162.4 eV), C-S (S 2p;, = 164.7
eV),anda SO,*" chemical ambient (S 2p;;, = 165.8 eV) generated
during the surface oxidation of the NiS, crystallites when exposed
to air during manipulation and transportation (Figure 2d).*!] The
S?~ components of NiS,/NiSe, @NC exhibited a negative shift
of ~0.4 eV compared with NiS,@NC, which is also consistent
with the presence of large amounts of Se and the charge trans-
fer from NiSe, to NiS, within the NiS,/NiSe, composite. The C
1s XPS spectra display peaks at 284.6 eV, 286.2 eV, and 288.4 eV
attributed to C = C, C-O, and C = O, respectively (Figure S11a,
Supporting Information). In the N 1s high-resolution XPS spec-
tra, three peaks can be fitted at BEs of 398.4 eV, 399.8 eV, and
402.1 eV corresponding to pyridinic-N, pyrrolic-N and graphitic-
N, respectively (Figure S11b, Supporting Information). As noted
in previous reports, pyridinic-N can effectively increase the elec-
tron density and interact with sulfur/polysulfides, while pyrrolic-
N and graphitic-N can effectively enhance the affinity of po-
lar atoms to elemental sulfur (Sg) and polar polysulfides (Li,S,
Li,S,, Li,S,, Li,S, and Li,Sg) through strong Lewis acid-base
interactions.[*”!

Figures 2e and Figure S12a (Supporting Information) show
the dependence of magnetization on the external magnetic field
at 300 K of the different Ni chalcogenides. NiS,/NiSe, @NC
shows a clear hysteresis loop and the largest saturation magneti-
zation among the tested samples, 8.32 emu g~ at 100 KOe, in-
dicating magnetic behavior at ambient temperature. The zero-
field cooled/field cooled (ZFC/FC) curves of NiS,/NiSe, @NC
(Figure S12b, Supporting Information) indicate a Curie temper-
ature above 300 K, whereas the 1/T increase of magnetization at
high field indicates a paramagnetic behavior. Similarly, the mag-
netic susceptibilities of NiSe, @C show a linear behavior with the
magnetic field, indicating a paramagnetic behavior coming from
Ni ions. Electron paramagnetic resonance (EPR) spectra of the
catalysts and control samples were measured at room temper-
ature. The EPR spectra of the Ni chalcogenides show a charac-
teristic feature at g = 2.51(Figure 2f), associated with unpaired
electrons in the Ni 3d orbital. This feature is much more noto-
rious in the NiS,/NiSe, @NC composite than in NiS, @NC and
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NiSe, @NC pointing to a higher concentration of unpaired elec-
trons in the former. This result suggests an essential contribution
of heterostructures in promoting a high-spin state within the cat-
alyst.

X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) spectra were used to
analyze the atomic coordination environment and chemical
state of NiS,/NiSe, @NC, NiSe,@NC and NiS,@NC (Figures
S13-15, Supporting Information). The absorption edge position
of NiS,/NiSe, @NC is localized between that of the metallic Ni
foil (Ni°) and Ni, S, (Ni**), indicating the positively charged fea-
ture of Ni with an intermediate chemical state between 0 and
+3.13% The absorption edge of the Ni K-edge in NiS, /NiSe, @NC
is slightly red-shifted compared to NiSe, @NC and NiS,@NC.
This observation confirms that Ni in NiS,/NiSe, @NC pos-
sesses a lower-energy valence state relative to NiSe, @NC and
NiS,@NC (Figure S13a, Supporting Information).**l As de-
picted in the inset of Figure S13a (Supporting Information), the
NiS, /NiSe, @ NC host material exhibits a more intense pre-edge
peak relative to the NiSe, @NC and NiS, @NC pointing at a dif-
ferent coordination environment. The presence of this pre-edge
peak (~8340 eV) in the Ni K-edge spectrum is related to electron
transitions from the s orbital to the unoccupied d orbital, which
is significantly influenced by the structure geometry and ligand
field upon coordination with different species.[*] In this case, we
hypothesize that the electron transition between NiS, and NiSe,
crystals within the catalyst shifts electrons from a stable ground
state to a metastable state. This shift elevates the energy of the
catalyst and thus enhances its activity. In particular, this increase
in energy lowers the activation energy barrier for the sulfur re-
dox reaction (SRR), thereby promoting the catalytic activity of the
catalyst and facilitating the SRR process.

Simultaneously, a weakening in the intensity of the peak
~8350 eV in the Ni K-edge XANES spectrum is observed for
NiS, /NiSe, @NC (Figure S13a, Supporting Information), which
involves an increase in local disorder around the Ni atoms, con-
sistent with the discussed large amount of chalcogen doping and
the large density of heterointerphases.!*! Besides, the intensity of
this peak can also correlated with the spin state of the material.
As the peak intensity decreases, the spin state of the electrode
material progressively increases.l’”] Through analysis of the peak
intensity, it can be inferred that the heterostructures facilitate the
transition of Ni ions from a low spin to a high spin state.

The Fourier transform extended X-ray absorption fine struc-
ture (FT-EXAFS) of NiS, /NiSe, @NC shows characteristic peaks
at 2.43 A and 2.52 A corresponding to the Ni-S and Ni-Se bonds
(Figure S13b, Supporting Information). Specifically, it is ob-
served that the Ni-S bond length in NiS,/NiSe, @NC is longer
compared to that in NiS,@NC (2.31 A). Conversely, the length
of the Ni-Se bond in NiS,/NiSe, @NC is shorter than that in
NiSe, @NC (2.88 A) (Table S4, Supporting Information). This
discrepancy in bond lengths can be attributed to the variance
in electronegativity between S and Se atoms and the fact that
Ni binds to both of them, S and Se, in both materials, NiS,
and NiSe,, within NiS, /NiSe, @ NC.[*®! FT-EXAFS showed a de-
crease in the intensity of the peak associated with the Ni-S bond
in NiS,/NiSe, @NC compared to NiS, @NC (Figure S13c, Sup-
porting Information). This result is also consistent with cer-
tain Ni atoms forming bonds not only with S, but also with Se
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Figure 3. a,b) Spin density of NiS,/NiSe,, NiSe, and NiS, before (a) and after (b) the adsorption of Li,S,. Grey = Ni; green = Se; yellow = S; blue =

down spin state; and red = up spin state.

atoms inside the NiS, in NiS, /NiSe, @ NC.I**l The EXAFS fitting
curve reveals that the coordination number of Ni is ~6 for Ni-
S and Ni-Se in NiS,/NiSe, @NC (Figure 2g—j). In addition, the
wavelet transform (WT) contours of Ni show a maximum inten-
sity at x4 A~! (Figure 2k-m), corresponding to Ni-S and Ni-Se in
NiS, /NiSe, @NC.

DFT calculations were used to evaluate the interaction between
LiPSs and Ni within each material. First, we calculated the most
stable structure of the interphase between NiS, (210) and NiSe,
(210). Within this most stable interface, we analyzed the spin
state directions before polysulfide adsorption (Figure 3a). The
computational results reveal the presence of two distinct electron
spin state regions (spin up and spin down) within the NiS, /NiSe,
host material at the very interface of the two chalcogenides. Upon
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introducing the adsorbing polysulfide (Li,S,), a pronounced
charge exchange phenomenon is calculated (Figure 3b). Notably,
a portion of the electrons at the catalyst surface transfers to the
polysulfide. In parallel, the electronic spin within the hetero-
junction loses its order. Furthermore, an examination of the Ni
spin electron density (black dotted frame) reveals NiS, /NiSe, to
present a much stronger intensity compared with NiS,, NiSe,,
and polysulfides. Thus, we conclude that the spin-charge interac-
tion within the heterostructure is notably higher compared with
the pure materials. The strong interaction of Ni ions with poly-
sulfides and the change of electron spin points at Ni as the re-
action active sites. Thus, additional DFT calculations to measure
the impact of heterostructure on catalytic reactions are focused
on them.
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Figure 4. a) TDOS and b) partial density of states (PDOS) of NiSe,/NiS,, NiSe,, and NiS,. c) Electrical conductivity of NiS,/NiSe,, NiSe, and NiS,
tested using four probes at different pressures. d-f) Tauc plots of NiS,/NiSe, @NC (d), NiSe, @NC (e), and NiS,@NC (e). g,h) Electron gain/loss of
different atoms calculated by Bader charge analysis. Blue and red colors represent the gain and loss of electrons, respectively. Green = Se; Grey = Nj;

Yellow = S.

DFT calculations were further used to gain insight into the
heterostructure electronic properties and their effects. According
to DFT calculations results, the total density of states (TDOS) of
NiSe,/NiS, was more concentrated at the Fermi level compared
to NiS, and NiSe, (Figure 4a,b), indicating promoted charge
transport and transfer. While NC plays a dominant role in the
charge transport properties of the composites,!*’! four-point con-
ductivity tests on the printed electrodes showed notable differ-
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ences between the chalcogenide composites. NiSe,/NiS, @NC
showed a significantly higher electrical conductivity (Figure 4c),
at 5.4 X 10? S cm™!, than NiSe, @NC, at 3.6 x 10> S cm™!, and
particularly NiS,@NC, at 1.4 x 102> S cm~'. These results are
consistent with the DFT results. This increase in the TDOS near
the Fermi level was also confirmed using UV-vis spectroscopy.
Tauc plots from UV-vis absorption spectra are shown in
Figure 4d—f. The experimental band gap of the heterostructured
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material, NiS,/NiSe, @NC (E, = 1.76 eV), was lower than that
of each of the components, NiSe, @NC (E, = 2.05eV) and NiS,
(E, = 2.11eV).

The electron gain and loss near the interface were also de-
termined by DFT calculations using theoretical NiSe, and NiS,
slab models. As shown in Figure 4g, the differential distribu-
tion of charges indicates that electrons are transferred across
the heterointerface of NiSe, and NiS,. The charge redistri-
bution on the NiS,/NiSe, interface and the electron trans-
fer between different atoms were quantitatively determined
by Bader charge analysis (Figure 4h). Bader charge analysis
showed the acquisition of 0.59 electrons by the NiS, unit
from the NiSe, layer for NiS,/NiSe,. The gain of electrons by
NiS, coming from NiSe, is consistent with XPS results. Over-
all, DFT calculations showed the formation of the heterostruc-
ture results in a notable charge redistribution between the
phases.

To evaluate the potential of sulfur host materials to confine
LiPSs, their Li,S, adsorption capacity was tested. Optical im-
ages of vials containing a 10 mM solution of Li,S; and 15 mg
of NiS,/NiSe, @NC, NiSe,@NC, or NiS,@NC after overnight
adsorption are shown in Figure 5a. Significant color differ-
ences were observed between the different vials. In the ab-
sence of an adsorber, the Li,S; solution exhibits an intense or-
ange color. After overnight adsorption, the solution containing
NiS, /NiSe, @NC shows a pale yellow color indicating that most
of the Li, S, has been adsorbed. In contrast, the solutions contain-
ing NiSe, @ NC and NiS, @ NC maintain a strong orange aspect,
indicating a moderate Li, S, trapping effectiveness. The UV-vis
spectra of the supernatants confirmed these results and allowed
quantifying the Li,S, absorbance by following the light absorp-
tion in the 350-400 nm region. The chemical interaction be-
tween Li,S, and NiS, /NiSe, @NC was further evaluated by XPS
analysis (Figure 5b). In the high-resolution Ni 2p XPS spec-
trum of the material after Li,S, adsorption (NiS,/NiSe, @NC-
Li,S¢), the two doublets at 852.9 eV and 854.6 eV (2p;),) are as-
signed to Ni** and Ni**. The two chemical states appear red-
shifted when compared to the fresh NiS,/NiSe, @NC. This red-
shift is attributed to the S/Se-Li bond formation, which reduces
the electronegativity of the Ni chemical environment.*?! In ad-
dition, compared with NiS,/NiSe, @NC, the ratio of the satel-
lite peak area of NiS,/NiSe, @ NC-Li, S, is significantly reduced,
which is attributed to the transfer of electrons from the het-
erointerface to the empty polysulfides orbitals, resulting in a re-
duced amount of unpaired electrons. Besides, the S 2p XPS spec-
trum of NiS, /NiSe, @NC after Li,S, adsorption shows a 0.3 eV
blueshift in BE also consistent with electronic interaction be-
tween NiS,/NiSe, @NC and LiPSs.[*!l (Figure S16, Supporting
Information)

DFT calculations were further used to gain an understanding
of the LiPS adsorption capacity of the host materials. The adsorp-
tion models of NiS,, NiSe, and NiS,/NiSe, with the different
sulfur species (Li,S, Li,S,, Li,S,, Li,S, Li,Sy and Sg) are shown
in Figures S17-22 (Supporting Information), and Figure 5c, and
Table S5 (Supporting Information). DFT results show that the
LiPSs BE to NiS, /NiSe, is higher than that of NiSe, and NiS,. In
particular, the adsorption energy between NiS, /NiSe, and Li, S,
is -0.22 eV, significantly above (in absolute value) that of NiSe,, at
-0.17eV, and NiS,, at -0.03 eV.
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To study the electrochemical performance of the different
chalcogenide composites, they were infiltrated with S to obtain
NiS, /NiSe, @NC/S, NiSe, @NC/S, and NiS,@NC/S (see the SI
for details). When sulfur is loaded, NiS, /NiSe, @ NC/S effectively
inherits the morphology of NiS,/NiSe, @NC (Figure S23, Sup-
porting Information). Upon the introduction of sulfur, the spe-
cific surface area of NiS, /NiSe, @NC/S is significantly reduced
(10.3 m? g~') when compared with that of NiS,/NiSe, @NC
(166.2 m? g~1), indicating that sulfur is effectively confined in the
pores of the host material by the simple melting infiltration strat-
egy used (Figure S24, Supporting Information). In addition, XRD
characterization further shows that the crystalline S phase exists
within NiS, /NiSe, @NC/S, NiSe, @NC/S, and NiS,@NC/S. Be-
sides, thermogravimetric analysis (TGA) quantified the content
of S in NiS,/NiSe, @NC/S, NiSe, @NC/S, and NiS,@NC/S is
73.8%, 71.3%, and 70.1% respectively (Figure S25, Supporting
Information).

To investigate the reaction mechanism within the different
chalcogenides and particularly the LiPS evolution during charge
and discharge processes, in situ synchrotron XRD (1 = 0.6883 A)
patterns were collected (Figure 5d). From the NiS, /NiSe, @NC/S
electrode, an XRD peak at ~24.6° on the fresh cell was in-
dexed to Sg. During discharging, S, disappears while a new
peak appears at ~28.1°, coinciding with the formation of long-
chain polysulfides. With further discharge, long-chain polysul-
fides gradually convert into short-chain S species and finally Li, S,
with peaks located at 30.6° and 24.9°, respectively. Upon charg-
ing to 2.8 V, Li,S undergoes a reversible process, gradually be-
ing reduced to short-chain polysulfides, long-chain polysulfides,
and finally Sg, demonstrating the fast sulfur reaction kinetics
in NiS,/NiSe, @NC/S cells. In contrast, for the NiSe, @NC/S
and NiS, @NC/S electrodes, a small amount of Sg was detected
throughout the entire discharge process, indicating that the cat-
alytic ability of these two electrodes cannot completely convert Sg
(Figure Se,f). Besides, after charging, in both electrodes the pres-
ence of Li, S was still detected, indicating that the catalytic ability
of the catalyst is not sufficient to fully convert solid Li,S into S.
After long-term cycling, this will cause solid sulfides to slowly
accumulate on the surface of the positive electrode, leading to
performance decay.

To evaluate the electrocatalytic activity of the chalcogenides,
symmetric cells were assembled using a 0.5 M Li, S, electrolyte,
and the different composite materials in both electrodes. As
shown in Figure 6a, the cyclic voltammetry (CV) curves of the
symmetric cell based on NiS,/NiSe, @NC electrodes showed
the highest peak current densities, suggesting a higher ac-
tivity toward the polysulfide conversion. When similar exper-
iments were performed on NiS,/NiSe, @NC electrodes with-
out Li,S,, the CV curves exhibited a rectangular shape, which
was attributed to a purely capacitive behavior, indicating that
Li,S; was the electro-chemically active species in the system.
The CV curves of symmetric cells assembled with different
host materials (NiS,/NiSe, @NC, NiSe,@ NC, and NiS, @NC)
at various scan rates (SmV s71-20mV s7') are shown in Figure
S26 (Supporting Information). With increasing scan rate, the
oxidation-reduction current density of the CV curve gradually
increases, indicating diffusion-controlled conversion behavior
in the symmetric system.[*?l In contrast to NiSe,@NC and
NiS,@NC, the CV curves of NiS,/NiSe, @NC exhibit distinct
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Figure5. a) UV-vis absorption spectra and photographs (inset) of the Li,Sg solutions containing different adsorbing materials after overnight adsorption.
b) High-resolution XPS spectra of Ni 2p before and after Li,S¢ adsorption. c) Adsorption energies of electrode materials with different polysulfides
(Sg, LiySg, LiySg, LiyS4, LiyS, and Li,S). d—f) In situ XRD patterns during charging and discharging of batteries based on NiS,/NiSe, @NC/S (d),

NiSe, @NC/S (e), and NiS, @NC/S (f) cathodes.

oxidation-reduction peaks even at high scan rates, suggesting
rapid oxidation-reduction kinetics. Additionally, the CV curves of
the NiS, /NiSe, @ NC composite show the highest current density
and largest integrated area during all scan rates. These results ev-
idence the significant activity of the heterostructure in facilitating
the conversion of polysulfides

Adv. Mater. 2024, 36, 2400810

2400810 (10 of 17)

Additionally, the electrochemical impedance spectroscopy
(EIS) spectra, fitted considering the equiv. circuit diagrams
in Figure S27 (Supporting Information), show that the
NiS,/NiSe, @NC exhibits the smallest charge transfer resis-
tance during SRR compared, at 9.2 Q, compared with the 13.6
Q obtained for NiSe, @NC and the 19.8 Q of NiS,@NC. This
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Figure 6. a) CV curves of symmetrical cells assembled using two NiS,/NiSe, @NC, NiSe,@ NC or NiS,@NC-based electrodes. b) Potentiostatic
discharge curves on different electrodes for studying the nucleation kinetics of Li,S. c) LSV polarization curves NiS,/NiSe, @NC, NiSe,@ NC and
NiS, @NC. d) Tafel plots of NiS,/NiSe, @NC, NiSe,@ NC and NiS,@NC. e,f) Energy level diagram showing orbital hybridization for S-S. E is the
Fermi level of the substrate; o and o™ represent bonding and antibonding states, respectively. g) Gibbs free energy profiles and optimized adsorption
model of LiPS species on NiS,/NiSe,, NiSe, and NiS,.

result further confirms the superior charge transfer kinetics of
the NiS, /NiSe, @NC.

Generally, the performance of LSBs strongly depends on their
Li,S nucleation/deposition process. Thus, the Li,S deposition
process was evaluated by first discharging the cell at a constant

Adv. Mater. 2024, 36, 2400810

current (0.112 mA) to 2.06 V and then depositing Li,S at 2.05 V.
According to Faraday’s law, the capacity (Q) of Li,S deposition
was calculated as Q = It, where I and t are the discharge cur-
rent and time, respectively (Figure 6b). Compared to NiSe, @ NC
and NiS,@NC, NiS,/NiSe, @NC displayed the fastest Li,S
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deposition. More importantly, the deposition capacity of Li,S on
NiS, /NiSe, @NC was the highest, at 236.8 mAh g=!, compared
to NiSe, @NC (204.2 mAh g=') and NiS, @NC (184.8 mAh g~ 1).

Linear sweep voltammetry (LSV) measurements were em-
ployed to investigate the SRR kinetics.*] LSV curves of
the polysulfide reduction process (Figure 6c¢,d) showed the
NiS,/NiSe, @NC to display the lowest overpotential. Tafel plot
analysis of the polysulfide reduction (Figure 6¢,d) further re-
vealed that the NiS, /NiSe, @NC electrode is characterized by the
fastest reaction kinetics with a Tafel slope of 27.4 mV dec™!,
well below that of NiSe, @NC (53.5 mV dec™') and NiS,/@NC
(70.9 mV dec™!). Besides, LSV measurements in the Li,S oxi-
dation range showed that NiS, /NiSe, @NC exhibits the smallest
onset potential compared to NiSe, @NC and NiS, @NC (Figure
S28, Supporting Information). Additionally, the Tafel slope of
NiS, /NiSe, @NC, at 77 mV dec!, is lower than that of NiS, @NC
(94 mV dec™!) and NiSe, @NC (83 mV dec™'), confirming the ef-
ficacy of the designed heterostructure.

DFT calculations were further used to study the S-S
bond breaking at the surface of the different host materials
(Figures 6e,f; and S29, Supporting Information). At the catalyst
surface, bonds within adsorbed species are modified, displaying
significant changes in the electronic density of the bonding (o)
and anti-bonding (c*) states around the Fermi level. Compared
with NiS, @NC and NiSe, @NC, the PDOS of NiS,/NiSe, @NC
is shifted upward, thereby reducing the stability of the S-S bond.
Thus NiS, /NiSe, @ NC facilitates the breakage of S-S bonds and
thus promotes the Li-S reaction kinetics.

The Gibbs free energy evolution during the reduction process
on the surface of NiS,/NiSe, @NC, NiSe,@ NC, and NiS, @NC
was further evaluated using DFT calculations. The models and
free energy distribution of polysulfide intermediates are shown
in the Figure 6g. The lithiation pathway from S, to Li,S includes
several steps. First, two Li* react with Sg to generate Li, S,. In sub-
sequent steps, Li, Sg evolves to Li, S, Li, S,, Li,S,, and finally Li, S.
According to previous reports, the solid-state reaction involved
in the reduction of Li,S, to Li,S plays a key role in defining the
lithiation kinetics and its stability.l**] For this step, the Gibbs free
energy change calculated on the surface of the NiS, /NiSe, @NC
(0.68 eV) sample is sensibly lower than that of NiSe, @NC (0.70
eV) and NiS, @NC (0.70 eV).

To study their electrochemical performance, coin-type cells
were assembled using a nickel chalcogenide-based sulfur
cathode (NiS,/NiSe, @NC/S, NiSe, @NC/S and NiS,@NC/S),
lithium foil as anode, and a solution of 1.0 M lithium
bis(trifluoromethanesulfonyl) imide and 0.2 M LiNO, in a mix-
ture of 1,3- dioxfolane (DOL) andl,2-dimethoxyethane (DME)
with a volume ratio of 1:1 as electrolyte (see details in
Supporting Information). The galvanostatic charge-discharge
(GCD) curves of the prepared electrode at 0.1C are shown in
Figure 7a. All the discharge curves exhibit two distinct volt-
age plateaus, corresponding to the transitions Sg—Li,S,—Li,S,
and Li,S, —Li,S,—Li,S. We define the capacity of the first
plateau as Q1 and that of the second plateau as Q2. In con-
trast, only one charging platform is attributed to the polysul-
fide oxidation to Sg[*) Compared with other sulfur cathodes,
NiS, /NiSe, @NC/S exhibits the highest initial specific capaci-
tance (1458 mAh g='), well above that of NiSe,@NC/S (1326
mAh g'), NiS, @NC/S (1150 mAh g~', Table S6, Supporting In-
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formation) and most previously reported cathodes (Figure S30
and Table S7, Supporting Information).['®**] As the current den-
sity increases, from 0.1C to 0.2C, 0.5C, 1C, 2C, 3C, and 5C,
the specific capacitance of the NiS,/NiSe, @NC/S cathode de-
creases from 1458 mAh g™ to 539 mAh g~! (Figure 7b). Even
at 5C, the GCD curve of NiS, /NiSe, @NC/S maintains two clear
discharge plateaus. When the current rate returns to 0.2C, a
high specific capacity of 1050 mAh-g™! can still be obtained. As
shown in Figures 7c,d and S31 (Supporting Information), the
rate performance of the NiS, /NiSe, @NC/S cathode is improved
over those of NiS, @NC/S and NiSe, @NC/S electrodes. Besides,
NiS, /NiSe, @NC/S exhibits a smaller polarization voltage, at 131
mV, compared to NiSe, @NC/S (173 mV) and NiS,@NC/S (183
mV) (Figure 7e). The polarization voltage (AE) is here defined as
the potential difference between the charge and discharge plat-
forms at 50% charge/discharge capacity.[*! The ratio of the ca-
pacities of each discharge plateau, Q2/Q1, provides another mea-
sure of the catalytic activity of the cathode material toward the
LiPSs conversion. Q; accounts for the sulfur reaction with Li*
ions to soluble high-order LiPSs.['*] Q, accounts for the conver-
sion of the soluble LiPS to solid Li,S/Li,S,. The theoretical Q,/Q,
ratio is 3, but due to the migration of a fraction of the soluble
polysulfides and the incomplete Li,S, to Li,S solid-state reac-
tion, experimental Q,/Q, ratios are always below 3. Thus, Q,/Q;
provides a measure of the effectiveness of the conversion of S
to Li, S. Consistent with previous results, NiS, /NiSe, @NC/S ex-
hibits a higher Q,/Q, value (2.68) than NiSe, @NC/S (2.47) and
NiS, @NC/S (2.13). Overall, these results confirm the effective
role played by NiS,/NiSe, @NC in promoting the Li-S reaction
kinetics for LSBs.

Consistently with the GCD cures, CV curves at 0.1 mV s~ dis-
play two cathodic peaks, C; and C,, that account for the reduc-
tion of Sg to highly soluble LiPSs and precipitated Li,S,/Li,S,
respectively (Figure 7f). On the other hand, only one broad
anodic peak, A, is associated with the oxidation of polysul-
fides to S,.[*] Compared with NiSe, @NC/S and NiS,@NC/S,
NiS, /NiSe, @NC/S exhibits the highest peak currents, and the
lowest oxidation peak and highest reduction peak potentials. Be-
sides, the NiS, /NiSe, @NC/S cathode shows the highest cathodic
and the lowest anodic peak onset potentials at a current density
10 pA cm~? above the baseline current (Figure S32, Supporting
Information; Figure 7g).l*®]

The CV curves at a scan rate of 0.1-0.4 mV s~! within a voltage
window 1.7-2.8 V are shown in Figure S33 (Supporting Informa-
tion), As the scan rate increases, the current response gradually
increases. All the cathodes tested displayed a linear relationship
between the peak current (I,) and the square root of the scan rate
(v), implying a diffusion-limited response (Figure 7h). Thus, the
Li* diffusion coefficient (D;, ) was calculated by the Randles Sev-
cik equation!*!:

I, =2.6910°n" AD;*"° C ;S 1)

where n, A, and C;;, are the number of charges involved in
the reaction, the electrode area, and the concentration of Lit,
respectively. For the NiS,/NiSe, @NC/S electrode, the Dy;, es-
timated from the two cathodic peaks and the anodic peak are
1.89x 107cm? s71,3.52x 1077 cm? s7!, and 5.54 X 10~/ cm? s7,
respectively. These values are significantly larger than those
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Figure 7. Coin cell characterization. a) GCD curves of NiS,/NiSe, @NC/S, NiSe, @NC/S, and NiS,@NC/S cells at a current rate of 0.1C. b) GCD
curve of the NiS,/NiSe, @NC/S cell at current rates in the range from 0.1C to 5C. ¢) AE and Q,/Q; values. d,e) Rate performance. f) CV curves of
NiS,/NiSe, @NC/S, NiSe, @NC/S, and NiS,@NC/S at 0.1 mV s~'. g) Peak and onset potentials. h) Peak current vs. square root curve of scan rate. i)
Nyquist plot of the EIS spectra. j) Cycle stability at a current rate of 1C. k) Long cycle test of the NiS,/NiSe, @NC/S cell at 3C.

Adv. Mater. 2024, 36, 2400810 2400810 (13 of 17) © 2024 Wilei-écﬂr-« GmbH

ST HT0T “S60r1TST

csdny woiy

D PuB SWIAL, 341 998 “[§Z0Z/10/€0] U0 AIIQIT QUIUQ AD[1AN “BIANOTIQIE PUO[IIRE AT WISIIAIUL £Q OTS00FTOT BUPL/ZOOT" 01 10P/w0d K1 A

tsdny)

101/ KA[IA A

9-pue-

QSUAIIT SuOWWo)) dANeI) d[qearidde ayy £q PaUIdAOS AIe SIONIR Y SN JO SN 10J KIRIQIT AUIUQ AJ[TA UO (SUONT



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
a b
1C 05C 02C 04C
28 vl . 0999000000090000080999990000000000 100 1500+ 100
_:" 12001 g.1c g : g
~ - %Ooo 02C 02c[30 & = il 80 =
[ ) %, 05C < 2 g
=24 s % 9390 S o =
= = 80 29205 60 £ = 9007 Loo
= S 1C = = \\* S
= = <
e = %0 20 < = =
< = B 3c 405 O 6001 ginding: 62mgem? 40 g
2.0 = o 5] =)
= 4004 b L 990 = & =
< Sulfur loading 6.2 mgcm™ L20 S Sg 3004 * Electrolyte amount: 12 ulmg? L20 3
“ Electrolyloamonnt. 12 ulmgAl “ * Electrolyte amount: 7.1ulmg’
164 T T T T 0 T T T T T T —0 0 - - 0
0 300 600 900 1200 0 5 10 15 20 25 30 35 0 100 200 300
Specific Capacity (mAh g?) Cycle Numbers Cycle Numbers
d e
~ T 100 ;\5\
0 1200 s
é - 80 g
[=2 ‘g
E 800 - Pouch battery | g0 S
%]
(3 Current density: 0.1C :-g
- 40 =
ﬁ 400 4 Capacity Retention: 87.04% S
& NiS,/NiSe,@NC 20
0 : : : 0 Open Circuit LED on After 15 min
0 50 100 150 200

Cycle Numbers

Figure 8. a) GCD curve of electrode NiS,/NiSe, @NC/S at high loadings (6.2mg cm~2). b) Rate performance. c) Cyclic stability of NiS,/NiSe, @NC/S
at different amounts of electrolyte (0.1C). d) Long cycle test of pouch cells at 0.1C after 200 cycles. €) NiS,/NiSe, @NC/S-based pouch cells connected

in series light an LED strip for 15 min.

obtained for the other chalcogenide-based cathodes tested
(Figure S34, Supporting Information).

As shown in Figure 7i, the Nyquist plot of the EIS spec-
tra of the different cathodes exhibits a semicircle in the high-
frequency region and a straight line in the low-frequency re-
gion (Table S8, Supporting Information). The semicircle in the
high-frequency region accounts for the charge transfer resis-
tance, and the straight line in the low-frequency region is related
to the diffusion resistance.[**** Among the electrodes tested,
NiS, /NiSe, @NC/S was characterized by the smallest semicircle
and highest slope in the high and low regions, respectively, indi-
cating the smallest charge transfer and diffusion resistances.

To evaluate the cycling stability of different sulfur cathode ma-
terials, 500 continuous GCD cycles were tested at a current den-
sity of 1C (Figure 7j). NiS,/NiSe, @NC/S exhibits a higher ini-
tial capacity compared to NiSe, @NC/S and NiS, @NC. Besides,
NiS, /NiSe, @NC/S also exhibits a higher capacity retention, at
87.0%, compared with NiSe, @NC/S (60.6%) and NiS,@NC/S
(23.1%) after 500 cycles (Figure S35, Supporting Information).
After 1000 cycles at 3C, the NiS,/NiSe, @NC cell displays a ca-
pacity decay rate of just 0.058% per cycle (Figure 7k). Also, af-
ter 200 cycles at low current rates (0.1C), the NiS,/NiSe, @NC/S
demonstrates a high capacity retention rate (Figure S36, Support-
ing Information).

To analyze the stability of the NiS,/NiSe, @NC architecture
upon cycling, a coin cell was cycled for 300 cycles at a 3C cur-
rent rate. Subsequently, the electrodes were disassembled, and
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SEM analysis was performed (Figure S37, Supporting Informa-
tion). SEM images revealed that after cycling, most of the spher-
ical particles remained intact without breaking. Moreover, these
particles retained their hollow structure, with only a minor por-
tion exhibiting collapse with the volume expansion during the
charge and discharge processes. Overall, the hollow structure of
the NiS, /NiSe, @NC particles showed considerable stability even
after enduring prolonged cycling at relatively high current rates.

The separation of the postmortem cells was also analyzed after
100 cycles at 1C. Compared with NiSe, @NC/S and NiS, @NC/S,
the separator of the post-mortem NiS, /NiSe, @NC/S cell was al-
most transparent, indicating that a minimal amount of LiPS had
reached the membrane (Figure S38, Supporting Information).
Moreover, the Li anode of the cycled NiS,/NiSe, @NC/S coin
cell exhibited lower corrosion and S concentration, as shown in
Figures S39 and S40 (Supporting Information).

The amount of S and electrolyte are key parameters to evaluate
the practical application of LSB. The GCD curves at different cur-
rent densities of a NiS, /NiSe, @ NC/S-based cell with a relatively
high sulfur loading, 6.2 mg cm=2, and a low electrolyte content,
12 yL mg™*, are shown in Figure 8a. All the GCD curves exhibit
two discharge plateaus and one charge plateau, demonstrating an
excellent rate performance (Figure 8b) and stability (Figure 8c),
with a specific capacity of 1058 mAh g~! maintained after 300 cy-
cles at 0.1C. Even when further reducing the electrolyte content
to 7.1 uL mg~!, the NiS, /NiSe, @NC/S cathode was able to main-
tain a capacity of 720.1 mAh g! after 300 cycles. Finally, pouch
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cells were assembled using the NiS, /NiSe, @NC/S cathode (see
details in SI), and their cycling stability was tested. After 200 cy-
cles, the pouch cells retained above 87% of their initial capacity
(Figure 8d,e shows how two NiS, /NiSe, @ NC-based pouch cells
connected in series can power an LED strip for 15 minutes.).

3. Conclusions

In summary, heterostructured NiS,/NiSe, particles wrapped
within N-doped carbon spheres and displaying a hollow ar-
chitecture were produced from a Ni-MOF precursor. Magnetic
measurements and computational results show the heterostruc-
ture to be characterized by Ni** in a high electronic spin state.
NiS, /NiSe, @C exhibits orbital spin splitting and possesses a
high spin configuration with more unpaired electrons. This high
spin state regulates the electronic structure resulting in excellent
binding strength and catalytic ability toward LiPS. The porous
hollow structure not only effectively confines sulfur, but also pro-
vides additional buffer space for the electrochemical reaction.
NiS,/NiSe, @NC is used as the host material in the sulfur cath-
ode of LSBs, displaying excellent electrochemical performance.
This excellent performance includes a high charge-discharge ca-
pacity, excellent rate capability, and long cycle life. This work not
only demonstrates the catalytic properties of NiS, /NiSe,, but also
exemplifies the effect of spin polarization in electrocatalytic reac-
tions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Experimental

Physical Characterizations

The crystal structure was tested by X-ray diffraction (XRD), The morphology of the as-prepared
samples (NiS2/NiSex@NC, NiSex@ NC, and NiS,@NC) was characterized by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). The surface
composition and chemical state of the host materials were confirmed by X-ray photoelectron
spectroscopy (XPS). Thermogravimetric analysis (TGA) was used to measure the S content in
the cathode from 50°C to 400°C under a 5°C-min’! heating rate in an N, atmosphere. UV-vis
absorption spectroscopy was used to analyze the adsorption performance of electrode materials
on polysulfides. The XAFS data were processed according to the standard procedures using the
Athena module implemented in the IFEFFIT software packages. The EXAFS spectra were
obtained by subtracting the post-edge background from the overall absorption and then
normalizing with respect to the edge-jump step. Subsequently, the y(k) data were Fourier
transformed to real (R) space using Hanning windows (dk = 1.0 A™") to separate the EXAFS
contributions from different coordination shells. To obtain the quantitative structural parameters
around central atoms, least-squares curve parameter fitting was performed using the ARTEMIS
module of the IFEFFIT software packages. The magnetic behavior was performed using
SQUID magnetometer.

Electrochemical Measurements

The prepared electrode material (NiS2/NiSex@NC, NiSex@ NC, and NiS@NC), Super P and

polyvinylidene fluoride (PVDF) binder were mixed and ground according to 8:1:1, and N-
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methylpyrrolidone (NMP) was added during the grinding process to prepare slurry. Then it was
evenly coated on the current collector on the aluminum foil, and finally dried at 60 °C for 12 h
and cut into 12 mm circular pieces to obtain the working electrode. The sulfur content of the
cathode was 2 mg-cm™. To further highlight the practical application of the electrode, the high-
loading cathode was prepared by the same method. The prepared sulfur electrode was used as
the cathode, the lithium foil was used as the anode, and Celgard 2400 and 1.0 M LiTFSI and
0.1 M LiNOs; were dissolved in DOL/DME (V:V=I1:1) as the separator and electrolyte,
respectively, to assemble a 2023 coin battery in argon-filled in the airy glove box. The prepared
battery is subjected to CV and GCD tests at a voltage window of 1.7-2.8V, and an EIS test is
performed at a frequency of 0.01Hz-100KHz.

Materials

Nickel Nitrate hexahydrate (AR, Ni(NOs)>» 6H>0) and trimestic acid (AR, H3BTC) were
purchased from Fisher Chemical Co. All chemicals in the company are used without further
processing, the deionized water is used during the experiment.

Synthesis of Ni-MOF

430 mg Ni (NO3)2 6H>0, 150 mg trimesic acid and 1.5 g PVP were dissolved in a mixed solution
of 60 mL absolute ethanol, deionized water, and DMF (V: V: V =1:1:1). The mixed solution
was transferred to an autoclave and kept at 150 °C for 10 h. It was collected by centrifugation,
washed five times with ethanol, and then dried at 60 °C to obtain green Ni-MOF.

Synthesis of Ni @NC

The as-prepared Ni-MOF was calcinated in Ar atmosphere at 500°C for 2 h under 2 °C-min !
to obtain Ni@C

Synthesis of NiS»/NiSex@NC

100g sulfur powder and 100g selenium powder were mixed and ground evenly for 15min,
placed upstream of the porcelain boat, and the prepared precursor (Ni@NC) was placed
downstream of the porcelain boat, and heated at 400°C for 2h under an Ar atmosphere at a
heating rate of 1°C-min’!. As a comparison, NiSe> @NC and NiS, @NC samples were also
obtained by only adding 100 mg Se or 100 mg S powder via the above same procedure,

respectively.
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Synthesis of NiS»/NiSex@NC/S

Firstly, the prepared Cathode host material (NiS2@NC, NiSex@NC, and NiS2/NiSe2@NC) and
sulfur powder were mixed according to the 1:3 ratio, secondly, after being fully ground in a
mortar, kept in a vacuum oven at 155°C for 12 h, and then heated to 300°C to remove surface
sulfur, and finally NiS2/NiSe2@NC/S, NiSe2@NC /S and NiS2@NC/S were obtained.
Synthesis of Li2Ss Solution and Adsorption Test

Firstly, S and Li,S were dissolved into the mixed solution in DME and DOL according to the
ratio of 5:1, and then heated at 80°C overnight to finally obtain the solution of Li2S¢. To measure
different sulfur cathode host materials, 15 mg host materials were soaked into the Li,Ss solution,
and stood for 12 h to observe the color change.

Synthesis of Symmetrical Cells and Measurements

Symmetrical cells were fabricated using a similar method as for LSBs. Two identical electrodes
(NiS2@NC, NiSex@NC, and NiS2/NiSe2@NC) were used as working and counter electrodes,
respectively. 40 pL of 0.5 M Li,Se and 1 M LiTFSI were dissolved in DOL/DME (V/V=1:1)
as the electrolyte. The loading mass of the electrode is about 0.5 mg-cm™. The fabricated sym-
metric cells were tested at a scan rate of S mV-s! by CV test.

Nucleation experimental test of Li>S

First, the prepared sulfur cathode host material (NiSo@NC, NiSex@NC and NiS2/NiSex@NC)
was dissolved in ethanol solution, and then coated on carbon paper as the working electrode,
and lithium foil as the counter electrode, 0.25 M LixSg with 1.0 M LiTFSI in tetraethylene glycol
dimethyl ether solution and 1.0 M LiTFSI solution without Li>Sg were used as catholyte and
anolyte respectively, the assembled coin cells were firstly discharged to 2.06V at a constant
current, and then subjected to potentiostatic deposition at 2.05V voltage.

DFT calculations

All DFT calculations were performed using the Vienna Ab-initio Simulation Package (VASP).
The Perdew-Burke-Ernzerhof (PBE) functional for the exchange-correlation term was used
with the projector augmented wave (PAW) potentials and a cutoff energy of 400 eV. The
convergence of energy and forces were set to 1x10-4 eV and 0.05 eV/A, respectively. The

heterojunction model was constructed by the NiSe, and NiS,. The lattice mismatch was no more
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than 3% and the vacuum layer was set as 15 A to avoid the interactions between layers. The

adsorption energy AE.; was calculated as:
AEquq = E(vmjf-%—ad) - Evurf' Eaa

where Esurrraa) 18 the energy of the LiPS adsorbed on the surface, Ey.ris the energy of the clean

surface, and Euq is the energy of the free LiPS.

The formula for calculating the Gibbs free as fellow:
AG(Ss-Li2Sg): Eyi,s, — Es, — 2E;+
AG(Li2Ss-Li2Se): Epi,s, — Epiys, + 0.25Es,
AG (Li2S¢-Li2S4): Eyy,s, — Epiys, + 0.25Es,
AG(Li2S4-Li2S2): Ep,s, — Epyys, + 0.25Es,
AG(Li2S>-Li2S): Ep,5 — Epi,s, + 0.125E,
Pouch cell assembly and measurements:
The NiS2/NiSex@NC /S cathode and lithium anode were cut into 4x3 c¢m pieces. The
sulfur loading of the cathode in the pouch cell was 1.8 mg-cm 2 . The E/S ratio was about

20 pL-mg !, the thickness of the lithium belt anode was 0.4 mm. Separator and electrolyte

were sandwiched between the tailored and NiS2/NiSex@NC /S lithium belt.
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Supplementary Data

Figure S1. (a) SEM images of Ni-MOF (Ni-H3BTC) and Ni/NC (b,c).

S5h 10h
_r r‘- @ o O

Figure S2. (a-c) TEM images of Ni-MOFs prepared with reaction times of (a) 3 h, (b) 5 h, (c)

10 h. (d) The scheme illustrates the mechanism of structure evolution.

S6

145



Sum Spectrum

Element Atomic (%)

Ni 27.9
Se 18.6
S 50.2
P 8 10 12 14 16 15 20 N 33

Full Scale 1007 cts Cursor: 0.000 ke

Figure S3. EDX spectrum of NiS2/NiSex@NC, the contents of Ni, Se, S and N are 27.9 %,

18.6 %, 50.2 % and 3.3 % (Atomic %) respectively.
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Figure S4. SEM image of NiSex@NC, EDX elemental mapping images: Ni, Se and N, EDX
spectrum of NiSe2@NC, the contents of Ni, Se and N are 32.8 %, 64.3 % and 2.9 % (Atomic %)

respectively.
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Figure SS. SEM image of NiS2@NC, EDX elemental mapping images: Ni, S and N; EDX
spectrum of NiSc@NC, the contents of Ni, S and N are 33.2 %, 64.7 % and 2.1 % (Atomic %)

respectively.
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Figure S6. Fitting curves of NiS2/NiSe2@NC by Scherrer equation to calculated the particle
size based on XRD curves (a) and XRD curves of NiSe2/NiS;@NC and NiS;@NC (b). The S

content in NiSe; and Se within NiS; was obtained by Vergard’s law (c).
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Figure S7. Raman spectras of NiS2/NiSe2@NC, NiSe2@NC and NiS:@NC.
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Figure S8. N; adsorption/desorption isotherms of NiS2/NiSex@NC, NiSe>@NC and NiS>@NC.
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Figure S9. XPS full spectra of NiS2/NiSex@NC.
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Figure S10. Ratio of satellite peaks of different host materials (NiS2/NiSex@NC, NiSe2@NC,

NiS;@NC) in XPS spectra.
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Figure S11. High-resolution C 1s (a), and N 1s (b) XPS spectras.
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Figure S12. (a) Dependences of magnetization on the external magnetic field for

NiS2/NiSex@NC, NiSex@NC, and NiS;@NC at room temperature (300 K). (b) The ZFC/FC
curves of NiS2/NiSex@NC.
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Figure S13. (a) Ni K-edge XANES of NiS2/NiSex@NC, Ni foil, Ni2S3, NiSe2@NC and
NiS;@NC and (b-c) FT-EXAFS spectra of NiS2/NiSex@NC, NiS;@NC, Ni foil and Ni2Ss. (d)
Ni K-edge XANES of NiS2/NiSex@NC, Ni foil and Ni2S; (K3 space).
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Figure S14. (a) FT-EXAFS spectra of NiSe;@NC, Ni foil and Ni,Ss, (b) Ni K-edge XANES
of NiSe>@NC, Ni foil and Ni,S3 (K3 space), (¢) FT-EXAFS fitting curves of Ni K-edge for Ni
foil, (d) XAFS fitting curves of Ni K-edge for Ni foil (K3 space), (e) FT-EXAFS fitting curves
of Ni K-edge for NiSeo@NC, (f) XAFS fitting curves of Ni K-edge for NiSe>@NC (K3 space),
(g-1) WT contour plots for Ni foil, Ni>S3 and NiSe;@NC at R space.

S13

152



25

=

20

15

1FT(k3e(k))| (A4)

4]
- ES

5]

FT (k3 e(k))| (A4

Ni-Ni
& — Nis,@NC
: —— Ni_foil
1 —Ni,$
N'rs\‘ o
0 2 4 6

Radial dixtance(A)

NeNi — Ni_fail

0 2 4 6
Radial distance(R)

—NiS,@NC
o fit

Radial distance(A)

— Nis,@NC
—— Ni_foil

k(&Y

— NiS,@NC
o fit

|—Ni$§

0 2 4 6 8 10 12 14

i
k(&) k(&)

Figure S15. (a) FT-EXAFS spectra of NiS2@NC, Ni foil and Ni2S3, (b) Ni K-edge XANES of

NiS;@NC, Ni foil and Ni2S3 (K3 space), (¢c) FT-EXAFS fitting curves of N1 K-edge for Ni foil,

(d) XAFS fitting curves of Ni K-edge for Ni foil (K3 space), (e) FT-EXAFS fitting curves of Ni

K-edge for NiS2@NC, (f) XAFS fitting curves of Ni K-edge for NiSo@NC (K3 space), (g-1)

WT contour plots for Ni foil, Ni2S3; and NiS2@NC at R space.
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Figure S16. High-resolution XPS spectra of S 2p before and after Li»Se adsorption for
NiS2/NiSex@NC.
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Figure S17. DFT-based optimized geometrical configurations of NiSz with LiPSs (Li2S, Li2S2
and Li»S4).
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Figure S18. DFT-based optimized geometrical configurations of NiS; with LiPSs (Li>Ss, Li2Sg
and Sg).
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Figure S19. DFT-based optimized geometrical configurations of NiSe> with LiPSs (Li2S, Li2S2

and Li»Sy).
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Figure S20. DFT-based optimized geometrical configurations of NiSe, with LiPSs (Li2Se¢, Li2Sg
and Sg).
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Figure S21. DFT-based optimized geometrical configurations of NiS2/NiSe> with LiPSs (Li.S,
Li2S> and Li2S4).
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Figure S22. DFT-based optimized geometrical configurations of NiS2/NiSe; with LiPSs (Li2Se,
Li»Ss and Sg).

Figure S23. TEM (a) and SEM (b) images of NiS2/NiSex@NC/S.
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Figure S24. Nitrogen adsorption-desorption isotherms, pore size distribution diagram and pore

volume histograms of NiS2/NiSe2@NC/S.
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Figure S25. XRD curves of NiS2/NiSex@NC/S (a), NiSe2@NC/S (b) and NiS:@NC/S (c),

TGA curves of NiS2/NiSex @NC/S (d), NiSe2@NC/S (e) and NiS;@NC/S (f).
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Figure S26. CV curves at various scan rate (SmV s'-20 mV s™) of symmetric cells assembled

using two NiS2/NiSex@NC (a), NiSe2@NC (b), and NiS:@NC (c) electrodes.
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Figure S27. EIS spectra (a), fitted data parameters (b), and equivalent circuit (c) of symmetric
batteries assembled from different host materials (NiS2/NiSex@NC, NiSex@NC and
NiS2@NC).
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Figure S28. LSV plots (a) of Li>S oxidation and the corresponding Tafel plots (b) obtained
from NiS2/NiSe2@NC, NiSe2@NC, and NiS;@NC symmetric cells.
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Figure S29. DOS curves of NiS»/NiSez, NiSez and NiS».
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Figure S30. Comparison chart of specific capacity of different cathodes at a current rate 0.1C.
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Figure S31. GCD curves of cells based on NiS»/NiSex@NC/S (a), NiSex@NC/S (b) and
NiS2@NC/S electrodes at current rate in the range 0.1C-5C.
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Figure S32. Onset potentials for Li-S redox reactions. (a, ¢ and g) Differential CV curves of
(a)NiS2/NiSex@NC/S, (c¢) NiSex@NC/S and (e) NiS:@NC/S. (b, d and f) CV curves and
corresponding onset potentials of redox peaks A, Ci, and C; (inset): (b) NiS2/NiSex@NC/S, (d)
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Figure S33. CV curves of cells based on NiS2/NiSex@NC/S, NiSex@NC/S and NiSo@NC/S

electrodes at scan rates in the range 0.1mV-s!-0.4mV sl
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Figure S34. Peak current vs. square root of scan rate for different cathodes, NiS2»/NC/S,
NiSe2@NC/S and NiS2/NiSe2@NC/S. a) A oxidation peak. b) C; reduction peak. c¢) Li"
diffusion coefficient calculated from the CV redox peaks according to the Randles-Sevcik

equation.
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Figure S35. The Capacity retention of different electrode (NiS2/NiSex@NC/S, NiSex@NC/S
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Figure S36. (a) Cycling stability of NiS2/NiSex@NC/S-, NiSe;@NC/S-, and NiS;@NC/S-
based coin cells at 0.1C during 200 cycles. (b) Capacity retention of the coin cells with different

cathodes.
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Figure S37. Low (a) and high-resolution (b) SEM images of NiS2/NiSe2@NC/S after 300

cycles at 3C current rate.

Figure S38. Optical photographs of electrodes NiS2@NC/S, NiSex@NC/S and
NiS2/NiSe2@NC/S and membranes after 100 cycles (from left to right).

Figure S39. SEM images of the Li-anodes of the cycled cells based on NiS2/NiSe2@NC/S,
NiSe2@NC/S and NiS;@NC/S.
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Figure S40. EDX mapping image of Li anode showing sulfur signal of the cycled cells based

on NiS2/NiSe:@NC/S, NiSex@NC/S and NiS:@NC/S.

Table S1. Ip/Ig value of NiS2/NiSe2@NC, NiSex@ NC and NiS2@NC.

Sample In/lc
NiS2/NiSe;@NC 1.01
NiSe;@NC 1.02
NiS;@NC 1.07

Table S2. Atomic ratio of Ni, S, Se, N and C in NiS2/NiSex@NC by XPS test.

Atomic (%) Ni S Se N C

NiS2/NiSex@NC 7.28 35.15 11.26 7.69 38.62

Table S3. Ratio of satellite peaks of different host materials (NiS2/NiSex@NC, NiSe>@NC,
NiS:@NC) in XPS spectra.

Sample Ratio (%)
NiS2/NiSex@NC 44.6
NiSex@NC 25.2
NiS@NC 20.7
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Table S4 Bond lengths of Ni-S and Ni-Se in NiS2/NiSe2@NC, NiSex@NC and NiS>@NC.

Sample Ni-S Ni-Se
NiS2/NiSex@NC 243 A 252 A
NiSe;@NC / 2.88 A
NiS,@NC 231A /

Table S5. Adsorption energy of polysulfides by NiS,/NiSe; and NiSe».

Sample Lizs LizSz LizS4 LizS6 LizSg Sg
NiS,/NiSe; -1.49eV -097e¢eV  -034eV  -022e¢V  -0.15eV -0.01 eV
NiSe; -1.45eV  -095eV  -030eV -0.17eV  -0.04 eV -0.007 eV

Table S6. Comparison of the specific capacitance at a current density of 0.1C for

NiS2/NiSe;@NC/S, NiSex@NC/S, and NiS2@NC/S.

Sample Specific capacity (mAh g™)
NiS2/NiSe:@NC/S 1458
NiSe;@NC/S 1326
NiS,@NC/S 1150
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Table S7. Electrochemical performance comparisons of NiS»/NiSex@NC/S with similar

materials reported previously.

Sample Specific capacitance Current Ref.
(mAh /g) Density (C)

Co@Corx ! 1241.5 0.1 [1]
MoSe>/MoO,!?! 1382.5 0.1 [2]
NBb>-Mxenel®! 1492.2 0.1 [3]

CoO/NiOM™ 1343 0.1 [4]

Ni-Co-P/CB! 1412.6 0.1 [5]
H-LDH/COySg ¢! 1580 0.1 [6]
NiS»/NiSex@NC 1608 0.1 This work

Table S8. Internal and charge transfer resistances of NiS2/NiSex@NC/S, NiSex@NC/S, and

NiS2@NC/S electrodes, as obtained from the fitting of the EIS spectra using the equivalent

circuits.
Sample Rs Error (%) Rect Error (%)
NiS»/NiSex@NC/S 0.6 0.33 25.4 0.39
NiSex@NC/S 1.4 0.40 48.6 0.48
NiS:@NC/S 3.4 0.65 75.3 0.59

S29

168



Reference

[1]

2]
[3]

D. Fang, G. Wang, S. Huang, T. Chen Li, J. Yu, D. Xiong, D. Yan, X. Liang Li, J. Zhang,
Y. Von Lim, S. A. Yang, H. Ying Yang, Chem. Eng. J. 2021, 411, 128546.

Q. Hao, G. Cui, Y. Zhang, J. Li, Z. Zhang, Chem. Eng. J. 2020, 381, 122672.

D. Lu, X. Wang, Y. Hu, L. Yue, Z. Shao, W. Zhou, L. Chen, W. Wang, Y. L1, Adv. Funct.
Mater. 2023, 33, 2212689.

L. Wu, J. Hu, X. Yang, Z. Liang, S. Chen, L. Liu, H. Hou, J. Yang, J. Mater. Chem. A
2022, 10, 23811.

Z. W, S. Chen, L. Wang, Q. Deng, Z. Zeng, J. Wang, S. Deng, Energy Stor. Mater. 2021,
38, 381.

S. Chen, J. Luo, N. Li, X. Han, J. Wang, Q. Deng, Z. Zeng, S. Deng, Energy Stor. Mater.
2020, 30, 187.

S30

169



Chapter 6

Anionic Doping in Layered
Transition Metal Chalcogenides for
Robust Lithium-Sulfur Batteries
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6. Anionic Doping in Layered Transition Metal

Chalcogenides for Robust Lithium-Sulfur Batteries

Key findings

1. A Te-doped BixSes; with selenium vacancies supported on carbon (Te-BixSes.

x@C) was successfully synthesized via doping and defect engineering strategies.

2. Tellurium doping induced lattice distortion and generated selenium vacancies,
thereby altering the local coordination environment of Bi atoms and enhancing
catalytic activity toward polysulfide conversion.

3. Selenium vacancies increased the carrier concentration and activated unpaired
Bi cations, improving polysulfide adsorption and accelerating sulfur redox
kinetics.

4. The Te-BizSesx@C cathode demonstrated excellent electrochemical
performance, with a high specific capacity (up to 1508 mAh g' at 0.1C),
outstanding rate capability, and stable cycling even under high sulfur loading
and lean electrolyte conditions.

Introduction

LSBs are among the most promising next-generation energy storage systems due to
their high theoretical energy density and the abundance of sulfur. However, practical
application is hindered by several intrinsic issues, including the insulating nature of
sulfur, the polysulfide shuttle effect, sluggish redox kinetics, and large volume changes
during cycling.

To address these limitations, research has increasingly focused on the design of sulfur
host materials with high conductivity, strong chemical adsorption, and catalytic
functionality. One emerging direction involves using TMSes, such as BixSes, due to
their unique physicochemical properties.

Purpose and background

This chapter investigates the development of a tellurium-doped bismuth selenide with

selenium vacancies as a sulfur host material to improve the electrochemical
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performance of LSB cathodes.

Why Transition TMSes?

I.

High electronic conductivity: Compared to oxides and sulfides, selenides
possess superior conductivity, facilitating faster charge transfer.

Chemical and structural stability: TMSes maintain integrity in harsh
electrochemical environments.

High charge storage potential: Layered structures in TMSes can accommodate

more Li* ions and mitigate volume expansion.

Why BizSe; Specifically?

l.

Topological insulator properties: BixSes exhibits surface-conducting states with
spin-momentum locking, enhancing surface charge transport.

Catalytic potential: Its structure and chemistry allow it to catalyze sulfur redox
reactions effectively while adsorbing polysulfides.

Shuttle suppression: Bi>Ses can chemically anchor LiPSs, reducing migration

and improving cycle life.

Study design and methods

To construct an enhanced sulfur host material, the following strategy was implemented:

l.

Precursor selection: Bi-H3;BTC metal-organic framework (MOF) was used as a
template.

Synthesis of BizSe3;@C: The precursor was carbonized and selenized to obtain
Bi>Se; particles anchored on carbon.

Tellurium doping: Te atoms were introduced into the Bi>Ses lattice, substituting
for Se atoms.

Defect engineering: Te doping led to the formation of selenium vacancies and
local lattice distortion.

Characterization: various techniques, including XRD, EPR, and DFT
calculations, were used to study structural, electronic, and catalytic properties.
Electrochemical testing: Te-Bi2Sesx@C/S cathodes were evaluated under

various conditions, including high sulfur loading and lean electrolyte.

Results and discussion
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Structural and electronic modification

Lattice distortion: Te doping altered the local Bi coordination environment, shifting the
unit cell’s charge center and generating an intrinsic electric field.

Defect creation: Selenium vacancies increased the density of free carriers and unpaired
Bi3* cations, both acting as active sites for LiPSs adsorption and catalysis.

Improved Charge Transfer: The intrinsic electric field induced by lattice distortion
enhanced electron mobility within the host.

Catalytic and adsorption effects

Enhanced adsorption capacity for lithium polysulfides due to surface polarity from
doping and vacancies.

Accelerated polysulfide conversion due to increased catalytic activity of distorted Bi
sites and improved conductivity.

Electrochemical performance

High capacity: 1508 mAh g! at 0.1C.

Excellent Rate Capability: Stable performance at high current densities.

Long-term stability: Low capacity decay and sustained high capacity under high sulfur
loading and lean electrolyte conditions.

Conclusion

This study demonstrates that tellurium doping and selenium vacancy engineering in

BixSe;@C effectively enhance its electrochemical functionality as a sulfur host material.

The Te-Bi2Ses«@C structure offers multiple synergistic advantages:
o Improved electrical conductivity
e Strong chemical affinity for LiPSs
e Accelerated redox kinetics
e High structural stability under cycling stress
These findings underline the value of combining doping, lattice distortion, and defect

engineering to design advanced electrode materials for high-performance LSBs.

173



'.) Check for updates

GDCh
-

Lithium-Sulfur Batteries

Anionic Doping in Layered Transition Metal Chalcogenides for
Robust Lithium-Sulfur Batteries

Chen Huang, Jing Yu, Chao Yue Zhang, Zhibiao Cui, Ren He, Linlin Yang, Bingfei Nan,
Canhuang Li, Xuede Qi, Xueqiang Qi, Junshan Li, Jin Yuan Zhou, Oleg Usoltsev,
Laura Simonelli, Jordi Arbiol, Yao-Jie Lei,* Qing Sun,* Guoxiu Wang,* and Andreu Cabot*

Angewandte
interationalEditiony Chemie
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2025, 64, 202420488
doi.org/10.1002/anie.202420488

Research Article

~

(Abstract: Lithium-sulfur batteries (LSBs) are among the most promising next-generation energy storage technologies.
However, a slow Li—S reaction kinetics at the LSB cathode limit their energy and power densities. To address these
challenges, this study introduces an anionic-doped transition metal chalcogenide as an effective catalyst to accelerate the
Li—S reaction. Specifically, a tellurium-doped, carbon-supported bismuth selenide with Se vacancies (Te—Bi,Se; ,@C) is
prepared and tested as a sulfur host in LSB cathodes. X-ray absorption and in situ X-ray diffraction analyses reveal that
Te doping induces lattice distortions and modulates the local coordination environment and electronic structure of Bi
atoms to promote the catalytic activity toward the conversion of polysulfides. Additionally, the generated Se vacancies
alter the electronic structure around atomic defect sites, increase the carrier concentration, and activate unpaired cations
to effectively trap polysulfides. As a result, LSBs based on Te—Bi,Se; ,@C/S cathodes demonstrate outstanding specific
capacities of 1508 mAh-g' at 0.1 C, excellent rate performance with 655 mAh-g ' at 5 C, and near-integral cycle stability

sustained at 0.1 C current rate, with 6.4 mAh-cm™

\(6.8 uL-mg™).

over 1000 cycles. Furthermore, under high sulfur loading of 6.4 mg-cm™
retained after 300 cycles under lean electrolyte conditions

2, a cathode capacity exceeding 8 mAh-cm 2 is

/

Introduction

Lithium-sulfur batteries (LSBs) have emerged as a promis-
ing alternative to Li-ion batteries, offering high energy
density, specific capacity, and environmental benefits. How-
ever, the commercial viability of LSBs is significantly
hindered by challenges associated with the sulfur cathode
and lithium metal anode."! Key issues include the poor
conductivity of sulfur (Sg) and its discharge product, Li,S,

which impede electronic and ionic transport during electro-
chemical reactions in the cathode. Additionally, severe
volume expansion and the migration of lithium polysulfides
(LiPSs) compromise long-term cycling stability."®? The
sluggish Li—S reaction kinetics further limit sulfur utilization
and output power, especially under the high sulfur loadings
and lean electrolyte conditions?! required for practical
applications. On the anode side, lithium metal faces
challenges such as uncontrolled dendrite growth and signifi-
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cant volume changes during repeated plating/stripping
processes, leading to serious safety concerns and suboptimal
cycle performance.

To overcome the practical challenges faced by LSB
cathodes, several strategies have been proposed, including
the development of cathode sulfur hosts,>"! multifunctional
separators,[ﬁ] and functional binders.! In the first direction,
high surface area porous carbon materials are commonly
utilized as sulfur hosts due to their affordability, excellent
electrical conductivity, lightweight, and capability to physi-
cally confine polysulfides.®! However, their non-polar nature
results in a poor affinity for trapping polar polysulfides and
facilitating their conversion.”’ To enhance the performance
of carbon hosts, especially in activating the Li—S reaction
and inhibiting polysulfide migration, the incorporation of
transition metal compounds, For example, transition metal
oxides," sulfides,"! selenides,"” tellurides,!"” phosphides,!"*]
nitrides,™ and single atom compounds.' Among them,
layered transition metal chalcogenides (LTMCs) have shown
considerable promise.'"” These materials provide stronger
chemical interactions with polysulfides, excellent catalytic
properties and superior electrical conductivity significantly
improving the electrochemical performance of LSBs. How-
ever, despite the typical nanosheet-like morphology of
LTMCs, they expose a moderate number of active sites and
they are characterized by slow charge transfer kinetics.'"
These challenges call for additional optimization of these
materials, often through material doping, to fully harness
their potential.

To enhance the catalytic performance of LTMCs,
various strategies have been proposed,'”™ including
heterojunction® and structural®! engineering. Among
them, the introduction of vacancies, especially anionic
vacancies, has emerged as a particularly effective
approach.’®*! Anionic vacancies not only inject additional
free electrons within the LTMC lattice but also modify the
coordination environment of the surrounding metal atoms,
activating them to capture more polysulfides, and thus
facilitating their conversion®*! Additionally, anionic va-
cancies can distort the crystal lattice symmetry,['* shifting
the charge center within the unit cell. This displacement
generates a built-in electric field that facilitates charge
transfer."”?!) The rational engineering of this lattice strain
presents an additional promising strategy to modify the
electronic structure of the LTMC, thereby enhancing its
catalytic performance.

In this study, we engineer Te-doped Bi,Se; supported on
a  nanostructured carbon  polyhedral framework
(Te—Bi,Se; @C). The incorporation of Te atoms is designed
to induce lattice distortion and modify the local structure of
the catalyst. Concurrently, because the atomic radius of Te
is larger than that of Se, when Se atoms are replaced by Te,
this size difference drives the formation of Se vacancy.”!
The creation of Se vacancies adjusts the electronic structure
around atomic defect sites and increases the number of
charge carriers within the crystal. Besides, the higher-energy
p orbitals of Te introduce additional energy states that
significantly enhance electrical conductivity.” We evaluate
the catalytic performance and LiPS affinity of this material
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for its potential use as a sulfur host in the cathode of Li—S
batteries. Additionally, LSB coin cells are assembled and
tested to assess their performance and stability, including
under conditions of high sulfur loading and lean electrolyte.

Results and Discussions

Te—Bi,Se; ,@C composites were produced through the
annealing of Bi,Se;@C in a Te-rich atmosphere (see details
in the Supporting Information, SI). Initially, Bi,Se;@C was
synthesized by selenizing a Bi@C composite, which itself
was derived from the carbonization of a Bi-based metal-
organic framework (Bi-MOF) precursor under an argon
atmosphere. The Bi-MOF was synthesized via a solvother-
mal reaction involving bismuth nitrate pentahydrate and
trimesic acid in a solvent mixture of dimethylformamide
(DMF) and methanol (CH;OH), where each Bi’* ion
coordinated with six trimecic acid (H;BTC) molecules.*"!
The resulting Te—Bi,Se; ,@C composite was then combined
with S to produce Te—Bi,Se; @C/S electrodes using a melt-
infiltration process (Figure la). The precursor Bi-——MOF
displayed a 1D rod-like morphology with an average rod
size of ca. 2 um (Figure Sla). Upon calcination at 600°C in
an Ar atmosphere, the Bi-MOF was transformed into
carbon rods embedded with Bi@C nanoparticles (Fig-
ure S1b). These Bi@C rods and an excess of Se powder were
annealed under the Ar atmosphere to produce Bi,Se;@C
structures that preserved the rod-like architecture of the
initial Bi@C (Figure Slc). With the addition of Te and the
subsequent annealing step, elongated structures containing a
large dispersion of nanoparticles on their surface were
obtained (Figure S1d). While the different samples retained
the original elongated architecture, the progressive increase
of the particles on their surface is related to their growth
through atomic or ionic diffusion driven by thermal
energy.”!

Atomic resolution aberration-corrected (AC) high-angle
annular dark field scanning transmission electron micro-
scopy (HAADF STEM) images (Figure 1b) of
Te—Bi,Se; ,@C showed the presence of Bi,Se; (red and blue
border area). These regions primarily consist of a five-layer
A-B—-A-B—-A (Se—Bi—Se-Bi—Se) sequence. Some of the
sequences, e.g. the one marked in green, show slightly
different contrasts in the outermost Se positions, which we
tentatively assign to the presence of Te (Figure 1c). The
presence of numerous stacking faults is evidenced by the
Se—Bi—Se—Bi—Se—Bi—Se sequence . In
contrast, HAADF STEM analysis of Bi,Se;@C (Figure S2)
exhibits no significant stacking faults, with only the
Se—Bi—Se—Bi—Se sequence (orange area) visible. Therefore,
the defects observed in the Te—Bi,Se; ,@C sample are likely
due to the introduction of Te atoms into the Bi,Se; lattice,
which disrupts the stacking sequence and induces faults
during crystal growth. Besides, a subtle lattice distortion is
observed in different directions in Te—Bi,Se; @C (Fig-
ure 1d-e and S3). This distortion is primarily attributed to
three factors: 1) the coulombic interaction localized around
Te atoms; 2) Jahn-Teller distortion arising from the

© 2024 Wiley-VCH GmbH
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Figure 1. (a) Schematic diagram of the synthesis of the Te—Bi,Se;  @C/S cathode material. (b) High-resolution AC HAADF-STEM image of
Te—Bi,Se; ,@C. (c) Se—Bi—Se—Bi—Te pattern in Te—Bi,Se; @C. (d,e) Lattice distortion of Te—Bi,Se, , @C in different directions (Eyy and Exy). (f)
TEM-EDS spectra of a Te—Bi,Se;  @C particle. (g) iDPC-STEM images of Te—Bi,Se, ,@C. (h) HAADF-STEM image of Te—Bi,Se; ,@C.

mismatch between Te and Se; and 3) differences in the
atomic radius of Te and Se.

Energy dispersive x-ray spectroscopy (EDS) STEM
analysis showed a homogeneous distribution of Te, Se, and
Bi on Te—Bi,Se; @C (Figures 1f and S4,5). Inductively
coupled plasma mass spectrometry (ICP-MS) analysis
yielded the atomic ratio of Te at 3.8 %, well below that of Bi
(40.0%) and Se (56.2%) (Table S1). Moreover, comparing
integrated differential phase contrast (iDPC) and HAADF-
STEM images on the samples before (Bi,Se;@C) and after
doping (Te—Bi,Se; ,@C), a distinct increase in intensity was
observed in the atomic columns corresponding to Se atoms
post-doping (Figures 1g, h and S6). This suggests the
substitution of Se atoms with Te, supported by the fact that
iDPC STEM intensity is linearly proportional to atomic
number (Z), while HAADF STEM is roughly proportional
to Z*. Since Te has a higher atomic number (52) compared
to Se (34), but lower than Bi (83), it is reasonable to
speculate that intensity profiles showing an increased
intensity at the Se columns in both, iDPC STEM (Figure 1g)
and HAADF STEM (Figure 1h), correspond to Te atoms

Angew. Chem. Int. Ed. 2025, 64, €202420488 (3 of 17)

occupying positions originally held by Se. We also observe
that this Se-to-Te substitution predominantly occurs at the
edges of the Se—Bi—Se—Bi—Se sequence, where lower
interlayer binding energies allow for better accommodation
of lattice distortions, facilitating the substitution process.

The XRD patterns of Te—Bi,Se; @C and Bi,Se;@C
match well with the Bi,S; phase, with no secondary phases
(Figure 2a).) While Te doping does not change the crystal
structure of Bi,Se;@C, the XRD peaks of Te—Bi,Se; ,@C
are slightly shifted to lower angles compared to Bi,Se;@C
(Figure S7). This shift is primarily attributed to the larger
radius of Te atoms compared to Se atoms, resulting in a
larger lattice spacing for Te—Bi,Se; @C. Furthermore, with
the introduction of Te atoms, the diffraction peak intensity
of Te-Bi,Se; @C decreases and a wider peak width is
observed, indicating lower crystallinity. Overall, these results
are consistent with the presence of Te within the Bi,Se;
lattice at Se sites."™”

The specific surface area and pore size distribution are
critical factors influencing a material‘s adsorption capacity
and catalytic performance. Generally, a larger specific sur-

© 2024 Wiley-VCH GmbH
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Figure 2. (a) XRD patterns of Te—Bi,Se; , @C and Bi,Se;@C. (b, c¢) High-resolution Bi 4f (b) and Se 3d (c) XPS spectra of Te—Bi,Se, @C and
Bi,Se;@C. (d) Bi L3-edge XANES of Te—Bi,Se;  @C, Bi,Se;@C, Bi foil, and Bi,O;. (e) FT-EXAFS spectra of Te—Bi,Se;  @C, Bi,Se;@C, Bi foil, and
Bi,O;. (f) FT-EXAFS fitting curves of Bi L3-edge for Te—Bi,Se;  @C at R space. (g) FT-EXAFS fitting curves of Bi L3-edge for Te—Bi,Se; @C at k3
space. (h) FT-EXAFS fitting curves of Bi L3-edge for Bi,Se;@C at R space. (i) FT-EXAFS fitting curves of Bi L3-edge for Bi,Se;@C at k3 space. (j-m)
WT contour plots for Te—Bi,Se;  @C (j), Bi,Se;@C (k), Bi foil (I), and Bi,O; (m).

face area corresponds to enhanced adsorption capacity due
to the availability of more active sites, which also boosts
catalytic efficiency.’! To evaluate these properties in the
synthesized samples, nitrogen (N,) adsorption-desorption

Angew. Chem. Int. Ed. 2025, 64, €202420488 (4 of 17)

isotherms were measured, and Brunauer-Emmett-Teller

(BET) analysis was performed. The specific surface areas of

Bi,Se;@C and Te—Bi,Se; ,@C were determined to be
86m’g' and 94 m’g', respectively (Figure S8 and Ta-
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ble S2). Interestingly, despite the larger size of the particles,
Te—Bi,Se; ,@C exhibited a slightly higher specific surface
area than Bi,Se;@C. This increase is attributed to the
formation of additional defects on the carbon structures, the
larger distribution of particles on the rod surfaces and the
additional active sites introduced by Te doping. The
incorporation of Te generates Se vacancies in the Bi,Se;
lattice, leading to structural defects and surface depressions
that provide more active sites. These structural irregularities
and the associated increase in active site density collectively
contribute to the enhanced specific surface area of
Te-Bi,Se; (@C.P!! The pore diameters of the materials
predominantly fall within the mesoporous range (0-50 nm),
which effectively accommodates and disperses sulfur, miti-
gating its dissolution and the shuttle effect during electro-
chemical reactions.”” This diverse pore size distribution
plays a crucial role in enhancing the stability and perform-
ance of the material in energy applications.

To further explore the structural changes introduced by
Te doping, electron paramagnetic resonance (EPR), a highly
sensitive technique for detecting and characterizing vacan-
cies in nanomaterials, was employed. EPR provides detailed
insights into surface structures and unpaired electron
behavior, making it a powerful tool for identifying vacancy
signals.” The presence of Se vacancies in the Te-doped
material was confirmed using EPR analysis. As shown in
Figure S9a, Te—Bi,Se; ,@C exhibits a prominent resonance
signal at g=2.0, indicative of unpaired electrons associated
with Se vacancies.’ In contrast, Bi,Se;@C shows no
resonance signal under identical conditions, confirming the
generation of a significant density of Se vacancies in the Te-
doped sample.

The Raman spectra of Te—Bi,Se; ,@C and Bi,Se;@C are
presented in Figure S9b. The peak at 130 cm™' is associated
with the E,, mode of BiSe;.” In comparison with
Bi,Se;@C, the Raman peak of Te—Bi,Se; @C shows a
noticeable negative shift, aligning with the XRD results.
Thermogravimetric analysis (TGA) allowed determining the
carbon content in Te—Bi,Se; ,@C to be about 35.9% (Fig-
ure S10).

The chemical composition and valence state of the
elements within the two composites were further analyzed
using X-ray photoelectron spectroscopy (XPS). The Te
atomic ratio within the Te—Bi,Se; @C sample calculated
from the XPS spectra was Te/Bi/Se=4/36/60 (Table S3),
which matches well with ICP data, thus showing no major
segregation of Te to the few surface-most layers of the
Te—Bi,Se;_, particles. The high-resolution Bi 4f XPS spec-
trum of Te—Bi,Se; ,@C was fitted with two doublets. A first
doublet, at binding energies of 157.4 eV (4f;,) and 162.7 eV
(4f5,), is associated with Bi’* within the selenide lattice
(Figure 2b). The second doublet, at 158.5eV (4f;,) and
163.8 eV (4f5,) in Te—Bi,Se; ,@C is associated with Bi*" in a
more electronegative environment, possibly forming Bi,O;,
Bi,(Se0;)s, Bi,SeO,, or another oxidized form of Bi,Se;.**"
The presence of oxidized components is related to the air
exposure of the material during its processing before XPS
analysis.**! The same two doublets are obtained for
Bi,Se;@C but both are redshifted with respect to the Bi 4f
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XPS spectrum of Te—Bi,Se; (@C. The high-resolution Se 3d
XPS spectrum of Te—Bi,Se; ,@C (Figure 2c) displays three
distinct doublets, corresponding to Se*” in Bi,Se; at 53.0 eV
(Se 3ds,),”#*" Se’ at 55.4eV (Se 3ds,), and SeO, (SeO,,
Bi,(SeO;);, Bi,Se0,) at 58.1 eV (Se 3ds,).* The detection
of elemental selenium indicates that not all of the selenium
introduced in large excess during the second annealing step
fully participated in the formation of the selenide or was
evaporated during the process.” The Se 3d XPS spectrum
of Bi,Se;@C exhibits the same three doublets, though all are
redshifted a similar value compared with Te—Bi,Se; ,@C.
The consistent direction and magnitude of the binding
energy shifts in both the Se 3d and Bi 4f XPS spectra
suggest an upward shift of the Fermi level of Te—Bi,Se; ,@C
relative to Bi,Se;@C, in agreement with the electronic donor
role played by ionized selenium vacancies generated by the
introduction of larger Te’™ ions at Se*~ sites.”®'”l The Cls
XPS spectra of Te—Bi,Se; ,@C and Bi,Se;@C present three
characteristic peaks corresponding to C—C, C-O, and C=0
at binding energies of 284.6 eV, 286.2eV, and 288.6eV,
respectively (Figure S11a)?**! The high-resolution Te 3d
XPS spectrum of Te—Bi,Se; @C displays two doublets
related to Te>” within a metal chalcogenide at 574.2 eV (Te
3ds,) and a Te—O chemical environment at 576.1 eV (Te 3ds,
,) related to the air exposure of the material before XPS
analysis (Figure S11b).*l The ratio of oxidized Te is higher
than that of oxidized Se. This is related to the electronic
structure of Te playing a role in its higher oxidation
tendency when exposed to air. Te has a lower ionization
energy, making it easier for Te atoms to lose electrons and
become oxidized, resulting in Te* or Te*" states. In contrast,
Se has a higher ionization energy, making it less prone to
electron loss and therefore less likely to oxidize as exten-
sively as Te. Besides, the preferential location of Te at the
edges of the Se—Bi—Se—Bi—Se sequence, due to its larger
size, can also promote its relative enhanced oxidation upon
air exposure.

The  conductivity of  Te-Bi,Se; @@C  samples
(7.8x10°Scm™") was systematically higher than that of
Bi,Se;@C (5.5x10* Scm™) across all pressure conditions, as
measured by a four-probe method (Figure S12a). While the
main contribution to electronic transport within the compo-
sites is primarily from carbon, this improved conductivity is
still attributed to the additional carriers introduced by the
incorporation of Te.

The total density of states (TDOS) of Bi,Ses, calculated
using density functional theory (DFT), reveals a band gap at
the Fermi level, consistent with the semiconductor nature of
the material (Figure S12b). In contrast, the electronic
structure of Te—Bi,Se; , shows the emergence of a distinct
hybrid band within the conduction band, leading to a
significant increase in TDOS at the Fermi level. This
enhanced TDOS at the Fermi level is associated with
improved charge transport properties, aligning with the
experimentally observed increase in conductivity. It should
be noted that the Te—Bi,Se;, model included both Se
vacancies and structural distortions generated when relaxing
the model (see details in the SI).
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The chemical state and coordination of Bi atoms were
further investigated using X-ray absorption near-edge
structure spectroscopy (XANES) and extended X-ray
absorption fine structure spectroscopy (EXAFS). The white-
line intensity of Te—Bi,Se; @C and Bi,Se;@C is higher than
that of Bi foil, indicating their electronic states are at higher
energy than the Bi (0) state in Bi foil. The absorption edges
of Te—Bi,Se; ,@C and Bi,Se;@C are positioned between the
absorption edges of the metallic Bi foil (Bi’) and Bi,O,
(Bi*"), indicating that Bi exhibits valence between 0 and + 3
(Figure 2d).*! Compared to Bi,Se;@C, Te—Bi,Se; @C ex-
hibit a slight negative shift in the white line intensity,
confirming that Bi in Te—Bi,Se; ,@C has a lower valence
state compared to Bi,Se;@C (inset Figure 2d).["!

The Fourier-transformed k3-weighted EXAFS spectra
reveal a reduction in the intensity of the unique shell
scattering peak (2.30 A) corresponding to the Bi—Se bond in
Te—Bi,Se; ,@C (Figure 2¢). This reduction primarily stems
from the presence of Se vacancies, leading to a decrease in
the coordination number of Bi with Se.'” EXAFS curve
fitting and the derived structural parameters (Figure 2f-i
and S13-14) show the coordination number of Se and Bi
centers in Bi,Se;@C (N=6.0) is significantly higher than in
Te—Bi,Se; @C (N=4.6). This observation suggests that Te
atoms are substituting Se atoms within the structure. Addi-
tionally, the length of the Bi—Se bond in Te—Bi,Se; @C
(2.81 A) is slightly longer than in Bi,Se;@C (2.79 A), a
difference that can be attributed to the influence of Se
vacancies.

Wavelet transform (WT) analysis (Figure 2j-m) was
used to further unveil the structural disorder and charge
redistribution around the Bi atoms. In Te—Bi,Se; @C, a
slight shift towards a shorter radial distance is observed
compared to Bi,Se;@C. This shift suggests that the alteration
in bond length is primarily due to a weakening of Bi-Se
coordination. These changes in the coordination environ-
ment affect the electron distribution at the surface, which is
likely to influence the interaction with polysulfides and alter
the kinetics of the catalyzed Li—S reaction.

To assess the LiPSs adsorption capacity of the host
materials, they were immersed in a 0.5 mM Li,S¢ solution
overnight. In all cases, the initial Li,S¢ solution

. After 6 h adsorption, the Li,S¢ solution containing
only porous carbon (Super P) largely retained its
, while the solution with Bi,Se;@C showed a
slight lightening (Figure S15). In contrast, the color of the
Li,S¢ solution containing Te—Bi,Se; (@C almost completely
vanished, indicating nearly complete adsorption of Li,S¢ by
the Te—Bi,Se; @C host material. This observation was
further confirmed using UV/Vis absorption spectroscopy
(Figure 3a).

XPS analysis of the material after the LiPS adsorption
test (Te—Bi,Se; @C—Li,S,) revealed a significant blueshift
in the Bi 4f, Se 3d, and Te 3d orbitals compared to the fresh
sample (Te—Bi,Se;,), suggesting a strong interaction be-
tween the sample and the Li,S, (Figure 3b,c and S16).°"2%!

DFT calculations were conducted to evaluate the theo-
retical adsorption capacity of the host materials for poly-
sulfides. Figures S17-20 present the adsorption models for
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the various host materials interacting with polysulfides. As
noted above, the theoretical calculation model accounted
for the effect of vacancies and lattice distortions induced by
doping, which are automatically considered during the
geometry optimization process. Compared to Bi,Se;,
Te—Bi,Se;_, exhibits a higher adsorption capacity for LiPSs.
Specifically, the adsorption energies of Bi,Se; and
Te—Bi,Se;, for Li,S, are —1.98eV and —2.81 eV, respec-
tively (Figure 3d).

In situ XRD was used to characterize the evolution of Sg
and Li,S during the charge/discharge of a cell (see details in
the SI, Figure 3e-g). During the discharge stage, a notable
delay is observed in the weakening of the Bragg signal
intensity for the a-Sg phase in the Bi,Se;@C/S and Super P/S
electrodes compared to the Te—Bi,Se; (@C/S electrode. The
characteristic Bragg signal of the o-Sg phase persists
throughout the discharge process, indicating a relatively
slower reaction kinetics within the Bi,Se;@C and Super P
electrodes compared to Te—Bi,Se; (@C. As lithiation pro-
gresses, in the fully discharged state, the relative intensity of
the Li,S signal in the Bi,Se;@C/S and Super P/S cathodes is
significantly lower than that in the Te—Bi,Se; ,@C/S. This
suggests insufficient polysulfide conversion during lithiation
in the former (Bi,Se;@C/S and Super P/S), with the a-Sg
phase failing to fully lithiate, consistent with the persistent
presence of characteristic signals throughout the character-
ization process. Upon full charge, during delithiation, all
electrodes exhibit characteristic signals corresponding to f3-
Sg. However, the B-Sg signal intensity in the Bi,Se;@C/S and
Super P/S is weak, and a small Bragg signal corresponding
to the a-Sg phase remains from the initial stage. In contrast,
the Te-Bi,Se; ,@C electrode shows negligible a-Sg phase
signal and a strong B-Sg XRD, suggesting full conversion of
Sg during the charge/discharge cycle.

To assess the catalytic performance of the host materials,
2032 coin-type symmetric cells were assembled using the
host materials in both electrodes These cells were tested
without sulfur, utilizing an electrolyte containing Li,S4 (see
details in the SI). The cyclic voltammetry (CV) curves of the
Te—Bi,Se; @C-based symmetric cells exhibited the highest
peak current densities compared to those of Bi,Se;@C and
Super P (Figure 4a). This result suggests that Te doping
effectively enhances the LiPS conversion kinetics. Addition-
ally, the CV curves of Te—Bi,Se; ,@C in a Li,S¢-free electro-
lyte showed purely capacitive behavior, confirming that the
capacity contribution observed in the Li,S¢-containing elec-
trolyte is indeed due to the conversion of polysulfides.
Linear sweep voltammetry (LSV) further demonstrated that
the Te—Bi,Se; ,@C electrode exhibited the lowest over-
potentials and the lowest Tafel slopes for both the reduction
and oxidation of S within polysulfides (Figures 4b, ¢ and
S21). This result corroborates that the introduction of Te
into Bi,Se; significantly accelerates the polysulfide conver-
sion kinetics. Additionally, electrochemical impedance spec-
troscopy (EIS) analyses of the symmetric cells revealed that
the Te—Bi,Se; ,@C electrodes had the lowest charge transfer
resistance (10.5Q), further suggesting enhanced charge
transfer kinetics during the sulfur redox reaction due to the
introduction of Te (Figure S22).
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Figure 3. (a) UV/Vis absorption spectra and photographs (inset) of Li,S, solutions containing different materials after overnight adsorption. (b,c)
High-resolution Bi 4f and Se 3d XPS spectra of Te—Bi,Se;  @C before and after Li,S¢ adsorption. (d) DFT-calculated adsorption energies of
Te—Bi,Se;_, and Bi,Se; with different polysulfides (S, Li,Ss, Li,Sg, LS, Li,S,, and Li,S). (e-g) In situ XRD patterns during charging and discharging
of cells based on Te—Bi,Se; @C/S, Bi,Se;@C/S, and Super P/S cathodes.
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Figure 4. (a) CV curves of symmetric cells based on Te—Bi,Se; , @C, Bi,Se;@C, and Super P electrodes at a scan rate of 5 mV's

~" within the

symmetric cells. (b) LSV polarization curves of Te—Bi,Se; . @C, Bi,Se;@C and Super P for LiPSs reduction, (c) Tafel curves of Te—Bi,Se; . @C,
Bi,Se;@C and Super P for LiPSs reduction. (d—f) Li,S deposition curves of Te—Bi,Se; @C (d), Bi,Se;@C (e), and Super P (f) at 2.05 V constant
voltage. (g) Energy level diagram illustrating orbital hybridization for the S—S bond is depicted below. The Fermi level of the substrate (EF) is
indicated, with o and o* denoting bonding and antibonding states, respectively. (h) TDOS curves for Bi,Se; and Te—Bi,Se;_, after adsorption of
Li,S,. (i) Gibbs free curves and model optimization structure of Te—Bi,Se;_, and Bi,Se;.

The analysis of the

Li,S
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nucleation
Te—Bi,Se; ,@C, Bi,Se;@C, and Super P revealed that the
Te—-Bi,Se; ,@C cathode exhibited the highest current re-

step on

sponse during the 2.05 V potential static test (Figure 4d—f).
According to Faraday’s law (Q=It, where Q is the capacity, I
is the discharge current, and t is the time), the calculated
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capacity of Te—Bi,Se; ,@C was 229 mAhg ™', well above that
of Bi,Se;@C (188 mAhg ') and Super P (133 mAhg'). This
indicates that the Te-Bi,Se; @C cathode has a superior
ability to facilitate Li,S nucleation, contributing to its
enhanced electrochemical performance. A similar approach
was employed to investigate the dissolution kinetics of Li,S
(Figure S23). The constant potential charge curve for
Te—Bi,Se; ,@C exhibited a higher current density compared
to Bi,Se; ,@C and Super P, indicating a lower oxidation
overpotential for Li,S dissolution. Additionally, the dissolu-
tion capacity of Te—Bi,Se; @C (702 mAhg™') significantly
surpassed that of Bi,Se;@C (568 mAhg') and Super P
electrodes (397 mAhg™'). These findings collectively con-
firm that the Te—Bi,Se; @C host demonstrates superior
electrocatalytic performance, effectively reducing the polar-
ization of LiPS conversion reactions and enhancing redox
kinetics.

In Li-S battery chemistry, the sulfur reduction reaction
(SRR) proceeds through a multi-step evolution of LiPSs
during the discharge process. Initially, Sy ring molecules
react with Li* to form long-chain Li,Sy at approximately
2.7-2.4 V versus the Li/Li* electrode. This is followed by the
progressive cleavage of S—S bonds, resulting in the sequen-
tial formation of shorter-chain polysulfides. These inter-
mediates include Li,Ss at around 2.3V, Li,S, at approx-
imately 2.1 V, and finally, the precipitation of insoluble Li,S,
and Li,S at 2.1-1.7 V.B*

The initial cleavage of the Sg ring molecule is generally
regarded as a relatively straightforward process. However,
the subsequent cleavage into shorter-chain LiPSs becomes
progressively more challenging, with the final conversion
into insoluble products being notably sluggish.“!

The kinetics of the SRR at each step can be fundamen-
tally described in terms of activation energy (E,). To
investigate this, we experimentally measured the E, for each
stage of the LiPSs conversion process by analyzing the
charge transfer resistance (R,) at the corresponding voltages
across different temperatures (Figure S24 a-h). By fitting
the experimentally measured charge transfer resistances at
various temperatures to the Arrhenius equation (Figure S24
i-n).

As depicted in Figure S24 o, the E, for the SRR in
Te—Bi,Se;, is substantially lower than that of Bi,Se; within
the voltage range of 2.7-1.8 V. This is particularly evident
during the phase transition from liquid, soluble LiS, to
solid, insoluble Li,S,/Li,S, which is a crucial step in the
overall SRR process due to the significant energy barriers
involved in the nucleation and growth of the solid phase.[*!

Additionally, we determined the activation energy E, for
each stage of the reaction at the corresponding voltages.
The results (Figure S24p) reveal that E, is relatively low at
0.2 eV for the initial conversion of Sy to Li,Sg at 2.7V,
increases to 0.34 eV in the voltage range of 2.4-2.1 V for the
transition from Li,Sg to Li,Sq and Li,S,, and reaches its
highest value of 0.46 eV at 1.8 V, which corresponds to the
final step of conversion into insoluble products. These
findings underscore that while the transformation of Sy ring
molecules into soluble LiPSs is relatively facile, the sub-
sequent conversion of LiPSs into insoluble end products is
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significantly more challenging, making it the rate-limiting
step in practical Li—S batteries.

The breaking of the S—S bond of the polysulfides
adsorbed on the different surfaces was investigated using
DFT calculations (Figure4g, h and S25). The analysis
revealed significant alterations in electron density within
bonding and antibonding states near the Fermi level upon
polysulfide adsorption onto the host materials. Figure 4j
presents the energy level diagram of Li,S, (x=4,6) hybri-
dized with the surface orbitals of Te—Bi,Se;, and Bi,Se;,
along with the calculated DOS of polysulfides on the catalyst
surface. The diagram illustrates how the bonding of poly-
sulfides on Te—Bi,Se;_, and Bi,Se; differently influences the
bonding states around the Fermi level of sulfur atoms, with
Te—Bi,Se;, showing a higher electron density near Eg.
Compared to Bi,Se;—Li,S,(x=4,6), the TDOS of
Te—Bi,Se; —Li,S, (x=4,6) exhibits an upward shift after the
absorption of Li,S, (x=4,6), indicating reduced stability of
the S—S bond. This reduced stability facilitates the cleavage
of S—S bonds, thereby significantly improving the kinetics of
the Li-S reaction.

During the reduction of sulfur, Sg initially reacts with
two Li" to generate Li,Sg, which is subsequently converted
into Li,Ss, LiS; Li,S,, and ultimately into Li,S. DFT
calculations of the Gibbs free energy for the entire reaction
process on the surface of Te—Bi,Se; , and Bi,Se; (Figure 4i)
revealed that the energy barrier on the Te—Bi,Se; , surface
was significantly lower than that on the Bi,Se; surface. This
reduced energy barrier on the Te—Bi,Se;, surface is
consistent with the experimental results showing Te—Bi,Se;
to promote the entire Li—S reaction process.

To evaluate the electrochemical performance of the host
materials within LSB cells, the materials were infiltrated
with S (see details in the SI). XRD analysis confirmed the
presence of sulfur in the final electrode material (Fig-
ure S26). Besides, TGA quantified the sulfur content in
Te—Bi,Se; ,@C/S, Bi,Se; ,@C/S, and Super P/S as 69.5 %,
68.3 %, and 66.8 %, respectively (Figure S27). Coin cells
were assembled using the sulfur composite electrode as the
cathode, lithium foil as the anode, and a solution composed
of 1.0 M lithium bis (trifluoromethanesulfonyl) imide and
2% LiNOs; in a mixture of 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME) in a 1:1 volume ratio as electro-
lyte. The galvanostatic charge/discharge (GCD) curves of
the cells at a 0.1 C current rate are shown in Figure 5a. Two
distinct plateaus emerged during the discharge process. The
first discharge plateau, with a capacity denoted as Q;, was
attributed to the conversion of Sg to long-chain polysulfides
(Sg into Li,S,).

The second discharge plateau, with a capacity Q,,
accounted for the solid-solid reaction of polysulfides gaining
electrons and reducing to insoluble Li,S,, and eventually to
Li,S."** The unique charging voltage plateau is associated
with the complete conversion of polysulfides back to Sq.
Consistent with previous results, the Te—Bi,Se; ,@C/S cath-
ode demonstrated the highest initial specific capacity
(1508 mAhg™), outperforming Bi,Se;@C/S (1274 mAhg™")
and Super P/S (1078 mAhg™!, Table S4). Figure S28 illus-
trates the charging and discharging mechanism of LSBs.
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Figure 5. (a) GCD curves of different electrodes at a current rate of 0.1 C. (b) Polarization voltage and Q,/Q; ratio for Te—Bi,Se; @C/S, Bi,Se;@C/
S, and Super P/S. (c) GCD curve of Te—Bi,Se;_, in the voltage window 1.7-2.8 V and current densities from 0.1 C to 5 C. (d,e). Rate performance of
different cathodes. (f) CV curves within a voltage window of 1.7-2.8 V at a scan rate of 0.1 mVs™'. (g) Peak current vs. the square root of the rate.
(h) Peak and onset potentials of Te—Bi,Se; , @C/S, Bi,Se;@C/S, and Super P/S. (i) EIS spectra of Te—Bi,Se;  @C/S before and after 100 cycles. The
inset displays the equivalent circuit used to fit the data. (j,k) GITT curves on Te—Bi,Se; , @C/S (j) and Bi,Se;@C/S (k). (I) Internal resistances vs.
normalized discharge-charge time. (m) Cycling stability at a current density of 0.1 C. (n) Cycling stability at a current rate of 1 C.

We also observed the polarization potential AE (Fig-  reaction,™! was significantly lower for Te—Bi,Se; @C/S
ure 5b), defined as the difference between the oxidation (109 mV) compared to Bi,Se;@C/S (166 mV) and Super P/S
platform and the second reduction platform of the Li-S (186 mV). Additionally, the Q,/Q; ratio was used to quantify
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the catalytic activity of the host material toward LiPS
conversion (Figure 5b).P%%! The first plateau involves
4 electrons, while the second plateau involves 12 electrons,
leading to a theoretical Q,/Q, ratio of 3 for a complete 16-
electron Sg lithiation process. However, this ratio is typically
lower than 3 due to the dissolution of polysulfides that
cannot further participate in the reaction and the incomplete
reduction from Li,S, to Li,S during the second discharge.
The closer the Q,/Q; ratio is to 3, the stronger the
conversion ability of the host material to convert
polysulfides.”! Experimentally, the Q,/Q, ratio measured
for Te—Bi,Se; (@C/S (2.74) was significantly higher than that
of Bi,Se;@C/S (2.57) and Super P/S (2.43), demonstrating
that the Te-doped host material has excellent catalytic
ability to accelerate the conversion of polysulfides.

The GCD curves of Te—Bi,Se; ,@C/S, Bi,Se;@C/S, and
Super P/S at different current rates and the rate perform-
ance of the cells are displayed in Figures Sc—e and S29. At
current densities of 0.1 C,0.2C,0.5C,1C,2C,3C,and5C,
the specific capacity for Te—Bi,Se; @C/S was 1508, 1262,
1033, 923, 815, 756, and 655 mAhg™', respectively. These
values are significantly higher than those obtained for the
two reference electrodes. Even at the highest current rate
tested (5 C), a clear voltage plateau can be observed for
Te—Bi,Se; ,@C/S, indicating a fast conversion of polysulfides
in this electrode. Upon returning to a 0.2 C current rate, the
specific capacity of the Te—Bi,Se; ,@C/S electrode reached
1134 mAhg', demonstrating notable reversibility.

The level of Te doping can significantly influence the
electrochemical properties of the material. To test the
influence of this parameter, we increased the Te content to
15 mg and 20 mg to prepare samples with higher doping
levels, and conducted electrochemical tests to evaluate their
performance. The GCD curve of the sample with a Te
doping amount of 15 mg is shown in Figure S30a. At current
densities of 0.1 C, 0.2C, 0.5C, 1C, 2C, 3C, and 5C, the
specific capacities are 1325, 1183, 976, 856, 763, 675, and
614 mAhg*, respectively. For the sample with a Te doping
amount of 20 mg, the GCD curves are presented in Fig-
ure S30b. At the same current densities, the corresponding
specific capacities are 1282, 1025, 866, 764, 670, 617, and
536 mAhg™', respectively. These results indicate that in-
creasing the doping amount leads to a slight decline in
electrochemical performance. The observed decline in
electrochemical performance with increased Te doping may
be attributed to the Lattice mismatch, impaired ion
diffusion, reduced polysulfide adsorption capacity and
dilution of active sites due to excessive doping.

The CV curves of different electrodes at a scan rate of
0.1 mVs ™! within a potential window from 1.7 V to 2.8 V are
depicted in Figures 5f and S31. The Te—Bi,Se; ,@C/S-based
cell exhibits distinct dual reduction peaks, corresponding to
the conversion of Sg to Li,Sx (4 <X <8) and insoluble Li,S,/
Li,S, respectively. The oxidation peak is attributed to the
conversion between polysulfides and Sg.[*** When com-
pared with other cathodes (Bi,Se;@C/S and Super P/S),
Te—Bi,Se; ,@C/S demonstrates the highest current response
and the lowest peak-separation polarization, again consis-
tent with the superior catalytic activity of this material.
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The diffusion coefficient of Li" was qualitatively eval-
uated through CV tests at scan rates ranging from 0.1 mVs™
to 0.4 mVs ™. The current of the redox peak displays a linear
relationship with the square root of the scan rate (Fig-
ure S32). Consequently, the diffusion coefficient of Li™ (Dy;)
was calculated using the Randles-Sevcik equation.?**

Ip = 2.69 x 10° n'SA D;;*°Cy; v°3

where n is the number of charges, A is the geometric area of
the electrode, and C;; represents the concentration of Li™.
Dy; was obtained from a linear fitting of Ip vs. v*° (Fig-
ure 5¢g) Compared with Bi,Se;@C/S and Super P/S,
Te—Bi,Se; ,@C/S exhibits the steepest slope, i.e. the highest
Dy; as obtained from the anodic peak and the two cathodic
peaks, at  6.4x107cm?’s,  3.4x107cm’s'  and
4.2x1077 cm*s ™!, respectively. These values are significantly
higher than those obtained for the other two cathodes.

The electrocatalytic activity of the different sulfur hosts
was further analyzed by measuring the onset potential at a
current density of 10 uAcm™2 above the baseline current
(Figures 5h and $33).5*>1 Compared to Bi,Se;@C/S and
Super P/S, Te-Bi,Se; @C/S exhibited the lowest anodic
peak onset and the highest cathodic peak onset potential,
indicating superior redox kinetics.

As shown in Figures 5i and S34, the EIS spectrum of
Te—Bi,Se; ,@C/S revealed the smallest semicircle in the
high-frequency region, corresponding to the lowest charge
transfer resistance (R,) at 38.6 Q, compared to Bi,Se;@C/S
(79.6 Q) and Super P/S (97.5Q)."*! Additionally, the
Te—Bi,Se; ,@C/S cathode displayed a lower Warburg resist-
ance in the low-frequency region, indicating faster diffusion
of Li* ions.™ Furthermore, the cycled Te-Bi,Se; @C/S
electrode exhibited a smaller diffusion resistance compared
to the fresh electrode, which is attributed to the chemical
activation of the cathode, involving the dissolution and
redistribution of the active species.

The galvanostatic intermittent titration technique
(GITT) was employed to examine how the composite layer
affects the dynamic changes in internal resistance during the
cell discharge-charge cycle. GITT measurements were
performed at a 0.1 C current density. The voltage measured
after the resting period was identified as the open-circuit
voltage (V,.), whereas the voltage recorded during the
current pulse was denoted as the short-circuit voltage (V).
As illustrated in Figures 5j—k and S35, the Te—Bi,Se; ,@C/S
cell shows a smaller voltage difference between V. and Vg
compared to the Bi,Se;@C/S and Super P/S. Using this data,
the dynamic internal resistance (AiR) was calculated with
the following equation.

AiR = ‘Voc - VSC|/I

Throughout the entire charge—discharge cycle, AiR of
the Te—Bi,Se; (@C/S cell remains significantly below that of
Bi,Se;@C/S and Super P/S cells, which is consistent with the

enhanced charge transport and reaction kinetics attributed
to Te doping (Figure 51).
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To evaluate the cycling stability, repeated GCD tests
were conducted at a 0.1 C current rate (Figures Sm and
S36). After 300 cycles, the Te—Bi,Se; (@C/S cathode demon-
strated the highest capacity retention (94.6 %), significantly
outperforming Bi,Se;@C/S (76.2 %) and Super P/S (54.2 %).
At a higher current rate of 1 C, Te—Bi,Se; @C/S maintained
a capacity retention rate of 91.4 % after 1000 cycles, whereas
cells with Bi,Se;@C/S and Super P/S cathodes failed after
approximately 500 cycles (Figure 5Sn). The performance of
the Te—Bi,Se; @C/S electrode was also compared with that
of previously reported cathodes (Figure S37 and Table S5).
At a current density of 0.1 C, Te—Bi,Se; ,@C/S exhibited the
highest specific capacity, underscoring its exceptional per-
formance among state-of-the-art cathode materials.**)

To evaluate the structural stability of the electrodes, the
cells were subjected to 200 cycles at a 3 C current rate. After
cycling, the electrodes were disassembled and analyzed
using SEM (Figure S38). The results revealed that most of
the rod-like structures remained intact, with only minor
fragmentation observed, likely caused by volume expansion
during charge and discharge cycles. Overall, the rod-like
structures developed in this study demonstrated exceptional
stability, maintaining their integrity even after prolonged
cycling at high current rates.

After 100 cycles at a 1 C current rate, the cells were
dismantled, and their separators were examined. Notably,
the separator from the Te—Bi,Se; ,@C/S cell was the most
translucent compared to those from Bi,Se;@C/S and
Super P/S cells, indicating minimal penetration of LiPSs into
the membrane (Figure S39). Additionally, we cycled the
coin cell at 1 C for 100 cycles and subsequently disassembled
it for SEM imaging and sulfur concentration analysis of the
Li metal. The Li metal surface in Te—Bi,Se; (@C/S appeared
smoother compared to Bi,Se;@C/S and Super P/S. Further-
more, analysis of the recovered Li anode from the
Te—Bi,Se; @C/S cell revealed a lower sulfur concentration.
This finding confirms the effective suppression of LiPS
diffusion, highlighting enhanced stability and improved
protection of the Li anode (Figure S40).

To evaluate the stability of the sulfur host during cycling,
we performed EPR tests on the cycled electrode material.
The corresponding data is shown in Figure S41. A strong
signal corresponding to Se vacancies is still evident, confirm-
ing the retention of these vacancies in the electrode material
after cycling. However, the EPR signal intensity decreased
and the peak position shifted negatively (from 2.0 to 1.96).
This shift is likely due to interactions between the host
material and polysulfides, as well as possible sulfur/poly-
sulfide adsorption or incorporation at the Se vacancies.

To gain insight into the role of Bi in the charge and
discharge process of Te—Bi,Se; @C, the Bi-L3 XANES
spectra were examined ex situ during the discharging and
charging of the battery. The XANES spectra at four points
during the battery discharging from 2.3V to 1.7V are
displayed in Figure 6. As the discharge progresses, the
position of the white line peak of the Bi—L3 edge shifts
significantly to a higher energy (Figure 6a). This shift
indicates that Bi gradually loses electrons, increasing the
valence state of Bi. This observation suggests a strong
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interaction between the Bi atoms in the host material and
the S atoms in the polysulfide. During the discharge process,
Bi transfers electrons to S and LiPSs, promoting the
reduction reaction of S or LiPSs. Conversely, during the
charging process, the Bi L3 edge shifts to a lower energy
level, indicating that Bi transitions to a lower valence state
(Figure 6b). Thus, during charging, Li,S/Li,S,/Li,S, transfer
electrons to Bi, thereby accelerating the oxidation reaction.
These results indicate that Bi can serve as an effective
electron reservoir to catalyze the redox reaction of S during
both discharge and charge through electron transfer.

Additionally, the EXAFS results for Te—Bi,Se; ,@C/S
during the charge and discharge process indicate that the
average bond length of the first shells of Bi-Se is 2.3 A
(Figure 6¢, d). This suggests that the Te—Bi,Se; ,@C phase
remains stable without undergoing any phase transitions
throughout the charge and discharge cycles. As illustrated in
Figure 6e—f, the WT of the Te-Bi,Se; @C/S electrode
demonstrates that the maximum values at all charge and
discharge voltages are concentrated around 7.5 A. There is
no significant energy shift, confirming that Te—Bi,Se; ,@C
remains in a stable state as a catalyst throughout the charge
and discharge process.

The adsorption model of Li,S, on different host materi-
als is illustrated in Figure 6g. Compared to the Bi,Se;—Li,S,
system, the Te—Bi,Se; ,—Li,S; model shows a significant
difference in electron distribution. At the interface, the Te
doping leads to more pronounced electron sharing between
the host material and the polysulfide. This increased
electron sharing between Te—Bi,Se;, and Li,S, indicates a
stronger electronic coupling between the host and the
adsorbed material.

To further elucidate the interaction between the host
material and Sg, Li,S and polysulfides during the conversion
process, differential charge density DFT analyses were
carried out. As shown in Figure S42, when Sy is adsorbed
onto the surfaces of Te—Bi,Se;_, slabs, the charge density of
Sg is +0.035eV. This finding reveals that Te—Bi,Se;,
particles act as electron donors, providing additional elec-
trons to Sg and thereby accelerating its reduction during the
discharge process. During the charging process, the charge
density of Li,S on the Te—Bi,Ses; , slabs is —0.66 eV. This
indicates that the Te—Bi,Se; , slabs can harvest electrons
from Li,S, enhancing its oxidation reaction. Results from
DFT calculations align closely with the ex situ XAS results.
The DFT analysis further confirms that the incorporation of
Te—Bi,Se;_, particles facilitates electron redistribution, alters
charge densities, and effectively catalyzes the redox reac-
tions of sulfur during charge and discharge cycles.

The loading amount of active material (S) and the
amount of electrolyte used are critical parameters for
evaluating the practical application of electrode materials.
To assess applicability, Te-Bi,Se; ,@C/S-based cells with a
high sulfur loading of 6.4 mg-cm? were assembled. The
GCD curves and rate performance of one such high sulfur
loading cell are presented in Figure 7a, b. At current
densities of 0.1 C, 0.2 C,0.5C, 1 C, 2 C, and 3 C, the specific
capacities were 1248, 1032, 932, 830, 755, and 632 mAh-g~!,
respectively. This corresponds to areal capacities of 8.0, 6.6,
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Figure 6. (a,b) Enlargements of the shift of the Bi L3-edge from ex situ XANES spectra of the Te—Bi,Se; , @C/S sample during the discharge (a) and
the charge (b) processes. Insets show the full XANES spectra. (c,d) k3-weighted FT-EXAFS curves of Te—Bi,Se; @C/S in R space during discharge
and charge processes. (e,f) WT plots of the Bi L3-edge of the Te—Bi,Se;  @C/S sample during discharge (e) and charge processes (f). (g) The

adsorption models of Li,S, on Bi,Se; and Te—Bi,Se; ,

6.0, 5.3, 4.8, and 4.0 mAh-cm 2, all of which exceed the
typical values obtained in cathode materials for Li-ion
batteries. The cycling stability of the high sulfur loading
Te—Bi,Se; ,@C/S-based cell was further tested under differ-
ent electrolyte contents. With electrolyte amounts of
10.4 uL-mg™"' and 6.8 uL-mg"', the capacity retention after
300 cycles at a 0.1 C current rate was 92.8% and 90.5 %,
respectively (Figure 7c). To further validate the practical
application of Te—Bi,Se; @C/S cathodes, pouch-type bat-
teries  (3cmx4cm)  were assembled using  the

Angew. Chem. Int. Ed. 2025, 64, €202420488 (13 of 17)

Te—Bi,Se; ,@C/S cathode. In the pouch cell, the cathode
exhibited an initial specific capacity of 1224 mAh-g™" at a
current density of 0.1 C, retaining 86.7 % of its capacity after
200 cycles (Figure S43). Additionally, Figure 7d demon-
strates that two Te—Bi,Se; (@C/S pouch cells connected in
series were capable of powering an LED strip for over
30 min, showcasing the practical potential of this material in
real-world applications. To better demonstrate the battery‘s
performance, we conducted additional cycling tests at a
higher rate of 5 C for 500 cycles (Figure S44). Under these
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Figure 7. (a) GCD curves of Te—Bi,Se; ,@C/S cells with a high S loading (6.4 mgcm™?). (b) Rate performance of the high S loading cell. (c) Cycling
stability of Te—Bi,Se; , @C/S at a current density of 0.1 C under different electrolyte contents. (d) Te—Bi,Se;_ @C/S based pouch cells powering an

LED strip.

conditions, the capacitance retention rate was 75.6 %, high-
lighting the robust electrochemical stability of the assembled
battery. We have also produced and tested a larger pouch
battery (3 cmx6 cm). The practical applications and cycle
stability of this larger-specification pouch battery are shown
in Figure S45. These Te—Bi,Se; (@C/S-based pouch cells can
power a temperature and humidity monitoring clock,
demonstrating the practical applicability of the prepared
electrodes. Furthermore, when cycled at 5 C for 500 cycles,
the capacitance retention rate reaches 70.2 %, indicating an
excellent application potential and cycle stability (Fig-
ure S45b).

Conclusions

In summary, both experimental results and theoretical
calculations confirmed the effectiveness of anionic doping in
Bi,Se; for enhancing the performance of LSBs. Specifically,
in Te-doped Bi,Se;, Te occupies the Se sits. Due to its larger
atomic size, it generates Se vacancies, which leads to an
increased concentration of free carriers in the electrode
material. Additionally, the increase of unpaired Bi cations
provided additional active sites for LiPS adsorption and

Angew. Chem. Int. Ed. 2025, 64, €202420488 (14 of 17)

catalytic reactions, thereby promoting sulfur conversion
kinetics. Simultaneously, Te doping induces lattice distortion
within the Bi,Se; material, causing a shift in the positive/
negative charge center of the unit cell toward the negative
direction. This phenomenon generates an intrinsic electric
field, facilitating the transfer of charges within the cathode
material. By leveraging doping, defects, and lattice distor-
tion engineering, the Te—Bi,Se; ,@C cathode exhibited out-
standing electrochemical performance, including high specif-
ic capacity (up to 1508 mAh-g™! at 0.1 C), excellent rate
capability, and prolonged cycle stability, even under high
sulfur loading and lean electrolyte conditions. Overall, this
work offers valuable insights into the strategic design of
anionically doped layered metal chalcogenide catalysts that
enhance both polysulfide adsorption and redox activity in
sulfur cathodes for advanced LSBs.
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Material Synthesis

Materials: Bismuth nitrate pentahydrate (analytical reagent, AR, Bi(NO3)3-5H>0), trimesic acid
(AR, H3BTC) were obtained from Sigma Aldrich. Selenium and tellurium powder (AR, Se
and Te), polyvinylidene fluoride (PVDF), N,N-dimethylformamide (DMF), methanol
(CH30H), N-methylpyrrolidone (NMP), 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME)
and Super P were purchased from Fisher. All chemicals were used as received, without further
processing. Deionized water was used for all the water-based experiments.

Synthesis of Bi-MOF (Bi-H3;BTC): All chemicals and reagents were used directly without
further purification. Bi-H3BTC was first prepared by the following simple and economical
solvothermal method. 1.94 g Bi(NO3);-5H>0 and 1.68 g H3BTC were dissolved in a mixed
solution of 30 mL DMF and CH;OH with constant stirring, then transferred to an autoclave at
120 °C for 24 h, and finally washed with ethanol several times and dried overnight at 60 °C to
obtain Bi-H3;BTC.

Synthesis of Bi @C: The synthesized Bi-H3;BTC was carbonized in a tube furnace at 600 °C

for 4 h at a heating rate of 5 °C min™ in Ar atmosphere.

Synthesis of Bi>Se;@C: The Bi@C and Se powders were put into the upstream and downstream
of the porcelain boat respectively according to the mass ratio of 1: 5, and kept in a tube furnace

at 600 °C for 6 h in Ar gas atmosphere with a heating rate of 2 °C min™'.

Synthesis of Te-BixSe3.(@C: 200 mg of Bi>Se;@C and 10 mg of Te powder were put into the
downstream and upstream of the porcelain boat, respectively, and kept in a tube furnace at

500 °C for 1 h in an Ar atmosphere at a heating rate of 5 °C min™! to obtain Te-Bi>Se;.x@C.

Synthesis of Te-BiSe;.@C/S, Bi:Se;@C/S and Super P/S: Mix the prepared sulfur host
material (Te-BixSesx@C, Bi2Ses@C and Super P) and sulfur powder according to the mass
ratio of 3:7, then grind in a mortar for 30 minutes, and finally put the mixed material in an
autoclave at 155°C for 12 h, to remove the surface sulfur of the material The electrode material

was transferred to a tube furnace at 300 °C for 2 h at heating rate 5°C min™..

Physicochemical Characterizations

The crystal structure was tested by X-ray diffraction (XRD, Miniflex 600) with Cu K radiation
(L=1.5106 A) operating at 40 kV and 15 mA, The morphology of the as-prepared samples (Te-
BixSesx@C, BixSes@C) was characterized by scanning electron microscopy (SEM) and

transmission electron microscopy (TEM) with UC (UniColore) Technology. The surface
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composition and chemical state of the host materials were confirmed by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific, ESCALAB 250). Before XPS testing, the sample
was exposed to air during handling and transportation. Thermogravimetric analysis (TGA
NETZSCH, STA449-F5) was used to measure the S content in the cathode from 50 °C to 400 °C
at a heating rate of 5°C/min in an N> atmosphere. UV-vis absorption spectroscopy (Lambda
950 UV-Vis-NIR Spectrophotometer, Perkin Elmer) was used to analyze the adsorption
performance of electrode materials on polysulfides. XAFS testing is primarily conducted using
the Rigaku XAFS-4000 system. The X-ray absorption near-edge structure spectroscopy
(XANES) data were processed according to the standard procedures using the Athena module
implemented in the IFEFFIT software packages. The extended X-ray absorption fine structure
spectroscopy (EXAFS) spectra were obtained by subtracting the post-edge background from
the overall absorption and then normalizing with respect to the edge-jump step. Subsequently,
the y(k) data were Fourier transformed to real (R) space using a window (dk = 1.0 A™) to
separate the EXAFS contributions from different coordination shells. To obtain the quantitative
structural parameters around central atoms, least-squares curve parameter fitting was performed
using the ARTEMIS module of IFEFFIT software packages. Atomic resolution aberration-
corrected (AC) high-angle annular dark field-scanning transmission electron microscopy
(HAADF-STEM) images and energy dispersive X-ray spectroscopy (EDS) were obtained in a
double corrected and monochromated Thermo Fisher Spectra 300 microscope operated at 300
kV. Electron paramagnetic resonance (EPR) (JES-FA200) measurements were conducted at a

temperature of 300 K and across a magnetic field strength range of 0.3 to 1.5 Tesla (T).

LiPS Adsorption: LixS and sulfur were dissolved in a mixed solution of DME and DOL (V:
V=1:1) at a mass ratio of 1:5 and stirred overnight at 80 °C to prepare a Li>Se solution. Then,
soak 20 mg of different sulfur host materials (Te-BixSezx@C, Bi2Se3@C, and Super P) into a
0.5 mM Li2Se solution stand overnight for polysulfide adsorption test.

Electrochemical Measurements

The prepared electrode material (Te-BixSes-x@C, Bi2Ses@C, and Super P), Super P, and PVDF
binder were mixed and ground according to 8:1:1, and NMP as added during the grinding
process to prepare slurry. Then it was evenly coated on the current collector on the aluminum
foil, and finally dried at 60 °C for 12 h and cut into 12 mm circular pieces to obtain the working
electrode. The sulfur content of the cathode was 1.2 mg cm™. For each coin cell, 20 uL of
electrolyte was used. To further highlight the practical application of the electrode, the high-

loading cathode was prepared by the same method. The prepared sulfur electrode was used as
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the cathode, the lithium foil was used as the anode, and Celgard 2400 and 1.0 M Lithium
Bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.1 M LiNO3 were dissolved in DOL/DME
(v:v, 1:1) as the separator and electrolyte, respectively, to assemble a 2023 coin battery in argon-
filled in the airy glove box. The prepared battery is subjected to cyclic voltammetry (CV) and
galvanostatic charge/discharge (GCD) tests at a voltage window of 1.7-2.8 V, and an
electrochemical impedance spectroscopy (EIS) test is performed at a frequency of 0.01 Hz-100
KHz. The Galvanostatic Intermittent Titration Technique (GITT) is used to measure the

diffusion coefficient and reaction kinetics of battery materials.

Symmetric Cells Test: Two identical electrodes were used as working electrodes, 0.5 mM Li>Se
solution was used as the electrolyte, and Celgard 2400 membrane was used as a diaphragm to
assemble 2032 coin cells, and CV test was performed at 5 mV s™! a scan rate at voltage window

of -1.0 V-1.0 V.

Li>S Nucleation Test: Different samples were coated on carbon cloth as the working electrode,
lithium foil was used as the counter electrode, Celgard 2400 was used as the separator, and 0.5
mM LixSe solution was used as the electrolyte to assemble coin batteries. Firstly, the coin
battery was discharged to 2.06 V at a constant current, and then a constant potential LixS

deposition experiment was performed at a voltage of 2.05 V.
DFT calculations

All DFT calculations were performed using the Vienna Ab-initio Simulation Package (VASP).
The Perdew-Burke-Ernzerhof (PBE) functional for the exchange-correlation term was used
with the projector augmented wave (PAW) potentials and a cutoff energy of 400 eV. The
convergence of energy and forces were set to 1310 eV and 0.05 eV/A, respectively. The lattice
mismatch was no more than 3% and the vacuum layer was set as 15 A to avoid the interactions
between layers. In constructing the computational model, we considered the formation of
vacancies. Additionally, after incorporating Te into the structure, we adjusted the lattice
parameters through geometry optimization to ensure the system reached its lowest energy state,
effectively capturing the lattice distortion induced by Te doping. The adsorption energy AE.u

was calculated as:
AEquq = E(surf+ad) - Esurf‘ Eua

where Esurrraa) 18 the energy of the LiPS adsorbed on the surface, E.ris the energy of the clean
surface, and Euq is the energy of the free LiPS.
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The formula for calculating the Gibbs free as fellow:

AG(Ss-Li2Ss):  Eyi,s, — Es, — 2E i+
AG(Li2Ss-LizSe):  Eypy,s, — Epiys, + 0.25Es,
AG (Li2Se-LizSs):  Eypgys, — Epiys, + 0.25Es,
AG(Li2S4-Li2S2):  Ey,s, — Epg,s, + 0.25Es,
AG(Li2S2-LinS):  Eyps — Eyyys, + 0.125Es,

Pouch cell assembly and measurements:

The Te-BixSe;x@C/S cathode and lithium anode were cut into 3x4 cm (width x height) and

3x6 cm (width x height) pieces. The sulfur loading of the cathode in the pouch cell was 1.8

mg-cm 2. The E/S ratio was about 20 uL-mg !, the thickness of the lithium belt anode was 0.4

mm. The separator and electrolyte were sandwiched between the tailored and Te-Bi:2Sez x@C/S

lithium belt.
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Supporting Information Data

Figure S1. SEM images of (a) Bi-MOF, (b) Bi@C, (c) BixSe3@C, and (d) Te-Bi>»Ses«@C.
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Figure S2. Atomic resolution AC HAADF-STEM image of Bi>Se;@C.

Projection Exx Projection Dxy ‘ Projection Rxy

Figure S3. Lattice distortion of Te-BixSes.«@C in different directions (Exx, Dxy and Rxy).
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Figure S4. HAADF-STEM image and STEM-EDX composition maps of Te-BixSes«@C.
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Figure S6. iDPC-STEM images of Bi;Se;@C.
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Figure S7. XRD patterns of Te-BixSes.«@C and BixSe;@C.
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Figure S9. (a) EPR curves of Te-BixSes.«@C and Bi;Ses@C. (b) Raman spectra of electrode materials.

The carbon content in the Te-Bi2Se; «@C composite is calculated based on the transformation
of Bi>Se; into Bi2O3. We did not consider the Te for this calulation. As shown in Figure S10,

the content of C in Te-BixSesx@C composite can be calculated based on the following

equation.!!!

Bi,Se; = Bi,03 + gas

Atomic weight: Bi (209), Se (79), O (16)

[(209 x2+79%x3)—(209%x2+16%x3)] x(1—x)
209 x2+79%3

x = 35.9%

X+

= 54.5%

Therefore, the initial C content was calculated to be 35.9%.
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Figure S10. TGA curve of Te-BixSe;«@C in air atmosphere. Under the air environment, above 400 °C, the
mass loss is primarily due to the combustion of carbon and selenium. The carbon content in the Te-Bi,Ses.

x@C composite is thus about 35.9 %.
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Figure S11. (a) C 1s and (b) Te 3d XPS spectra of Te-BixSe;x@C and BixSe;@C.
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L3-edge for Bi foil (R space), (b) X-ray absorption fine structure (XAFS) fitting curves of Ni Bi L3-edge for

Bi foil (K3 space).
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Figure S14. (a) FT-EXAFS fitting curves of Bi L3-edge for Bi,O3 (R space), (b) XAFS fitting curves of Ni

Bi L3-edge for Bi,O3 (K3 space).
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Figure S15. Li»S¢ solutions containing different materials before adsorption and after 6h adsorption.
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The Arrhenius equation is commonly utilized to determine the activation energy (E,), which
quantifies the energy required for a reaction to occur, and determines how the reaction rate

changes with varying temperatures. The standard representation of the Arrhenius equation is

expressed as follows:

k=Axexp/(
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In this equation, k& represents the reaction rate constant, while 4 denotes the pre-exponential
factor, which reflects the frequency of reactant collisions leading to a transition state. The
term E, corresponds to the activation energy, indicating the minimum energy required for the
reaction to proceed. R is the gas constant, and 7 represents the absolute temperature in Kelvin.

The equation can also be rearranged into an alternative form:
nk = —22 4 1na
nk =——+In

Experimental studies on LSBs utilize the charge transfer resistance (R.;) measured through EIS
to evaluate the reaction rate constant (k) at various temperatures. The data are then fitted to a

log-linear plot based on the Arrhenius equation. From this fitting, the slope corresponds to the

negative value of the activation energy (_TE“), enabling the calculation of the E,.
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Figure S24. (a-d) Nyquist plots of the EIS spectra of the Te-BixSe;«@C/S electrodes at various voltages (2.7
V-1.8V)and temperatures (300 K-320 K). (e-h) Nyquist plots of the EIS spectra of the Bi>Se3;@C/S electrodes
at various voltages (2.7 V-1.8V)and temperatures (300 K-320 K). (i) Arrhenius plot of Rct calculated from
Te-BixSes«@C/S and BixSe;@C/S at 2.7 V. (j) Arrhenius plot of Ret calculated from Te-Bi>Ses«@C/S and
BixSes@C/S at 2.4 V. (k) Arrhenius plot of Ret calculated from Te-BixSes;x@C/S (b) and BixSe3;@C/S at 2.1
V. (1) Arrhenius plot of Rct calculated from Te-Bi>Se;x@C/S (b) and Bi>Se3;@C/S at 1.8 V. (m) Arrhenius
plot of Rct calculated for Te-Bi>Se;«@C/S  at different voltage. (n) Arrhenius plot of Rct calculated for
BixSes@C/S  at different voltage. (o) Calculated activation energies at different voltage for Te-BirSes.

x@C/S and Bi;Se;@C/S. (p) Calculated activation energies at different voltage for Te-BixSe;«@C/S.
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Figure S26. XRD patterns of Bi>Se;@C/S (a) and Te-Bi>Ses«@C/S (b).
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Figure S27. TGA curves of different electrodes (Te-BixSe;x@C/S, Bi2Se3@C/S, and Super/S).
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Figure S28. Scheme of the charging and discharging mechanism of cathode electrode materials for LSBs.

a 5C 3C 2C1C 05C p2¢ 0.IC b 28 ) . 0.1C

Lt
F'
|

Potential (V)

Potential (V)

g
=
;

1.6

T T T 1.6 T T
0 400 800 1200 0 400 800 1200

Specific Capacity (mAh g'}) Specific Capacity (mAh g )

Figure S29. GCD curves of BixSe;@C/S, and Super/S with a voltage window of 1.7 V-2.8 V at current
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Figure S31. CV curves of Te-BixSe;x@C/S, BixSe;@C/S and Super/S with a voltage window of 1.7 V-2.8
V and a scan rate from 0.1 mV s'to 0.4 mVs-'.
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and Super P/S. a) A oxidation peak. b) C1 reduction peak. (c) Li* diffusion coefficient calculated from the

CV redox peaks according to the Randles-Sevcik equation.
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Figure S36. Specific Capacity retention of different electrodes at a current density of 0.1C for 300 cycles.
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Figure S37. Comparison of the capacity obtained with the Te-BiSe;«@C/S cathode with specific capacities

of previously reported vacancy and heterostructure-based electrodes at a current density of 0.1C. References

can be found in Table S4.
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Figure S38. SEM images of Te-Bi»Se;«@/S before cycling (a) and after 200 cycles at 3C rate (b),

respectively.
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Figure S39. Photographs of the separator of disassembled coin batteries: Te-BixSes.x@C/S, Bi2Ses@C/S and

Super P/S.

Figure S40. SEM and EDS mapping image of Li anode showing sulfur signal of the cycled cells based on

Te-BixSes;x@C/S (a), BixSe;@C/S (b) and Super P/S (c) cathodes.
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Figure S41. EPR spectrum of Te-BixSes.«@C before and after cycling.

OB O se O T 0 s O Li

Discharge process Charge process
Sg+0.035 eV Li,S-0.66 eV

Figure S42.The view of the charge density difference for Sg and Li,S adsorbed on a Te-Bi>Ses.x slab. Charge

depletion and accumulation are presented in blue and yellow, respectively.
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Figure S44. Cycling stability test of pouch cells based on Te-BixSe;«@C/S assembled for 500 cycles at a

current density of 5C.
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Figure S45. (a) Te-Bi>Se;x@C/S based larger-specification pouch cells powering a commercial temperature
and humidity monitoring clock. (b) Cycling stability test of larger-specification pouch cells based on Te-

BixSe;x@C/S assembled for 500 cycles at a current density of 5C.

Table S1. Content of various elements in host material Te-Bi>Se;x@C by ICP-MS testing.

Content (atomic ratio) Te Bi Se

3.8% 40.0 % 56.2%

Table S2. Specific surface area of Te-BixSes«@C and BixSe;@C.

Sample Specific surface area (m* g")
Te-BixSesx@C 94
BizSC}@C 86
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Table S3. Content of various elements in host material Te-Bi»Se;«@C by XPS testing.

Content (atomic ratio) Te Bi Se

3.6 % 36.2 % 60.2%

Table S4. Comparison of the specific capacitance at a current density of 0.1C of Te-BixSe;«@C/S,

BixSe;@C/S and Super P /S.

Sample Specific capacity (mAh g™)
Te-BixSe;x@C/S 1508
BiSe;@C/S 1274
Super P /S 1078

Table S5. Electrochemical performance comparisons of Te-BixSe;x@C/S with similar materials reported

previously.

Sample Specific capacitance Current Ref.
(mAh /g) Density (C)

MoS;-x-C09Ss.,/rGO! 1382.5 0.1 [2]

N-MoS,! 1100 0.1 [3]

P-MoTe,//CC 1480 0.1 [4]

Bi»S3/CNBI 1212 0.1 [5]

Bi>S3/rGOL®! 940 0.1 [6]

WSei.51/CNT!! 1241.5 0.1 [7]
Te-BixSe;.«@C 1508 0.1 This work
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Key

1.

7.Generation of Unpaired Electrons to Promote Electron
Transfer at the Cathode of Room-Temperature Sodium

Sulfur Batteries

findings

synthesized for RT-SSBs.

A P-N heterojunction sulfur host material, Co304-NC@C3Na4, was designed and

The N atoms in C3N4 donated electrons to Co in Co30s, triggering a spin state

transition in Co** from low spin to high spin, thereby increasing the number of

unpaired electrons and enhancing catalytic activity.

performance, achieving a high reversible capacity (1133 mAh-g™! at 0.1C),
strong rate capability (575 mAh-g! at 5C), and outstanding cycling stability

(87.3% capacity retention after 1000 cycles at 1C).

redistribution and spin state modulation to accelerate sulfur redox kinetics in

RT-SSBs.

Introduction

LSBs have been extensively studied due to their high theoretical energy density and
cost-effective raw materials. However, issues such as polysulfide shuttle effects,
volume changes, and safety concerns hinder their practical deployment. As global
demand for sustainable and affordable energy storage grows, alternative systems like
RT-SSBs are gaining interest due to the abundant availability and lower cost of sodium.
Although RT-SSBs and LSBs operate on similar electrochemical principles, differences
in ionic radius, redox potential, and reactivity necessitate distinct material designs and
performance strategies. As lithium and sodium share chemical similarities, insights

from LSBs can be adapted to guide RT-SSB development, particularly in cathode

design.

The Co304-NC@C3N4/S cathode demonstrated excellent electrochemical

This study reveals how the engineered P-N heterojunction facilitates charge
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Purpose and background

The goal of this study is to extend the strategies developed for LSBs to RT-SSBs by
designing a multifunctional sulfur host material that addresses the following key
challenges:

Poor electron/ion conductivity in sulfur cathodes

Polysulfide dissolution and shuttle effect

Sluggish redox reaction kinetics

Why RT-SSBs?

Abundant Resources: Sodium is more abundant and globally distributed than lithium,
reducing supply chain risks and production costs.

Safety: Sodium exhibits lower chemical reactivity than lithium, decreasing the risk of
thermal runaway and improving safety.

Wider Temperature Tolerance: RT-SSBs can operate stably across a broader
temperature range, ideal for diverse environmental conditions.

Study design and methods

Material design

C3N4: An n-type semiconductor with high thermal stability, chemical inertness, and
electron-donating nitrogen sites.

Co304: A p-type semiconductor rich in Co** sites that facilitate redox reactions.

The two were assembled via electrostatic self-assembly to form a P-N heterojunction
(C0304-NC@C3Ny), with Co30O4 nanoparticles coated by a thin layer of NC for
enhanced conductivity.

Characterization and analysis

Theoretical calculations: DFT was used to investigate charge transfer and spin state
changes.

Magnetic and structural characterization: Used to analyze Co®" spin states and validate
electron transfer.

Electrochemical testing: RT-SSBs were assembled using the synthesized sulfur host and

tested for rate capability, capacity, and cycle stability.
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Results and discussion

Electron transfer and spin modulation

Electron flow: N atoms in C3Nj transferred electrons to Co*" in Co3Oa, filling vacant
3d orbitals.

Spin transition: This electron transfer led to a change from low-spin to high-spin Co*",
increasing the number of unpaired electrons.

Catalytic enhancement: The high-spin Co*" sites offered more active centers for NaPS
conversion, accelerating redox kinetics and improving performance.

Electrochemical performance

Rate capability: Co304-NC@C3N4/S exhibited 1133 mAh-g™! at 0.1C, maintaining 575
mAh-g! even at 5C.

Cycling stability: Demonstrated 87.3% capacity retention after 1000 cycles at 1C,
indicating strong structural integrity and suppressed shuttle effect.

Synergistic Effects: The p—n heterojunction created a built-in electric field that
facilitated directional charge transport and enhanced sulfur redox reaction dynamics.
Conclusion

This work demonstrates a rational strategy to adapt lithium-based cathode engineering
approaches to sodium-based energy systems. By constructing a p-n heterojunction
sulfur host (Co304-NC@C3N4), the study successfully enhances electron transfer,
modulates spin states, and boosts catalytic activity for polysulfide conversion in RT-
SSBs.

Key contributions include:

Introducing spin modulation via heterojunction-induced electron transfer.

Providing insights into the electronic interaction mechanisms at the host interface.
Offering a high-performance and stable sulfur cathode design for RT-SSBs.

This work lays a foundation for further exploration of heterostructure and spin

engineering in sodium-based electrochemical energy storage systems.
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ARTICLE INFO ABSTRACT

Keywords:

Room temperature sodium-sulfur battery
Co304

C3Ny

Spin catalysis

Sodium polysulfide

Room-temperature sodium-sulfur batteries offer significant potential for energy storage, but they are hindered by
slow Na-S reaction kinetics. While trial and error screening shows cobalt-based sulfur hosts to effectively activate
this reaction, this study aims to enable a more rational catalyst design by exploring how cobalt’s electronic
configuration within the cathode composite affects its activity and how this configuration can be adjusted
through charge injection from neighboring atoms. Cobalt oxide nanoparticles coated with carbon nitride serve as

a model system for this purpose, where N atoms in C3N4 donate electrons to Co, generating additional unpaired
Co 3d electrons, that are then transferred to sodium polysulfides with a reduced kinetic barrier. Experimental and
theoretical analyses reveal that this activated electronic state boosts charge transfer, while the adjusted d-band
center improves adsorption energy, lowering the reaction energy barrier for the polysulfide conversion rate-

determining step.

1. Introduction

Room temperature sodium-sulfur batteries (SSBs) are a promising
cost-effective, high-density energy storage solution. However, they face
challenges with cathode materials, including volume expansion, poor
conductivity, sodium polysulfide (SPS) dissolution, and sluggish sulfur
reduction reaction (SRR) kinetics [1-7]. To address these issues, sulfur
hosts must improve conductivity, withstand volume changes, and

* Corresponding authors.

enhance polysulfide trapping and conversion [8-17]. This can be ach-
ieved using composite materials that combine metal-based single atoms
or particles supported on porous carbon structures [4,18-22]. Within
these composites, the support/catalyst interphase tunes the electronic
structure, modulating the charge transfer processes, aligning electronic
bands, and potentially enhancing surface reactivity. At this interphase, a
plethora of singularities such as stress/strain, charge accumulation/
depletion, structural and atomic defects, and electric fields arise, which
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Fig. 1. (a) Scheme of the synthesis process used to produce Co304-NC@C3Ny4/S. (b,c) TEM images of C3N4 and Co304-NC@C3Ny. (d) EELS elemental composition

maps obtained from the HAADF STEM micrograph of Co304-NC@C3Ny.

are critical in facilitating the diffusion of ions and electrons, thereby
influencing transformation reactions. While most research on hetero-
junctions focuses on analyzing electronic structures, electron flow di-
rections, and the generated built-in electric fields [22-26], the
electronic state occupation and spin state are crucial yet often neglected
factors in determining the relationship between electronic energy levels
and catalytic performance. The density of unpaired electrons can be
manipulated through various methods, including the application of
external magnetic fields, the use of specific ligands, and the application
of stress [27-30]. Introducing additional unpaired electrons through the
design of heterostructures offers an effective, attractive, and innovative
approach. The interface of these heterostructures is characterized by a
redistribution of charges, which impacts electronic structure and orbital
occupancy [27,28,31-35].

In this work, we investigate the impact of heterostructures and the
role of unpaired electrons on SRR catalytic activity using Co304@C3N4
composites as a model system. Our findings reveal that heterostructures
induce splitting of the metal central orbitals, generating additional un-
paired electrons within the 3d orbitals. This transition from a low-spin to
a high-spin active electronic state enhances charge transfer, thereby
significantly promoting catalytic activity.

2. Results and discussion
2.1. Cathode material synthesis and physicochemical properties

Co304 particles combined with N-doped carbon (NC), supported on
C3N4 nanotubes (Co304-NC@C3N4) and loaded with sulfur (Co304-
NC@C3Ny4/S) were produced in three steps (Fig. 1a, see details in the
Experimental section). Initially, urea-derived tubular C3N4 (Fig. 1b, S1,
and S2a,b) is dispersed into a cobalt (II) nitrate methanol solution
containing PVP through ultrasonication and hydrothermal treatment. In
this process, Co>" ions are immobilized on the negatively charged g-
C3Ny surface [25,36]. The obtained powder is annealed at 300 °C under

air to produce Co304 nanoparticles supported on the tubular C3Ny, as
observed by transmission electron microscopy (TEM) and Electron En-
ergy Loss Spectroscopy (EELS) (Fig. 1e, d) [37]. The low-temperature
annealing does not affect the C3N4 framework but decomposes the
PVP to generate N-doped carbon (NC) intertwined with the Co304
nanoparticles (Fig. S2c) [38-40].

The N content derived from PVP is approximately 0.8 % by mass
(Table S1). It is incorporated into the carbon structure improving the
overall electronic properties of the electrode material.

Energy dispersive X-ray (EDX) spectra show the Co304-NC@C3Ny4
atomic elemental ratio to be Co/O/N/C = 16/21/36/27 (Fig. S3). In the
last step, the resulting host material is infiltrated by melted sulfur
powder, yielding the Co304-NC@C3N4/S cathode material. Reference
Co0304-NC/S and C3N4/S cathode materials were prepared in the same
way but without adding C3Ny4 in the former and Co?* ions and PVP in the
latter (Experimental section in Supporting information). Thermogravi-
metric analysis (TGA) showed the sulfur content in Co304-NC@C3Ny/S,
C0304-NC/S, and C3N4/S to be 58.6 %, 56.4 %, and 54.6 %, respectively
(Fig. S4).

X-ray diffraction (XRD) analysis (Fig. 2a) confirms Co304-NC and
Co304-NC@C3Ny to contain the Co304 crystal structure (PDF#76-1802)
[41]. Compared to Co304-NC, Co304-NC@C3Ny4 displays an additional
distinct peak at 27.4°, which is attributed to the (002) crystal plane of
C3Ny [42]. The Brunauer-Emmett-Teller (BET) specific surface areas
calculated from the Ny adsorption/desorption hysteresis curves of
C0304-NC and Co304-NC@C3N4 are 52.6 m? g_1 and 64.9 m> g_l,
respectively (Fig. 2b, S5 and Table S2). As expected, the Co304-
NC@Cs3N4 exhibits a larger specific surface and also a larger pore volume
than Co304-NC, associated with the presence of the C3Ny4, support. X-ray
photoelectron spectroscopy (XPS) analysis (Fig. S6 and S7) shows the
presence of Co>* and Co?*t chemical environments [43]. The Co 2p XPS
spectrum of Co304 supported on C3Ny, is redshifted compared to that of
unsupported Co3z04, which is attributed to the injection of electrons
from the C3N4 to the Co304. Besides, in the Co304-NC@C3N4 composite,
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Fig. 2. (a) XRD patterns of different electrode materials (Co304-NC@C3N4, Co304-NC, and C3N4). (b) Specific surface area curves of different host materials (Co304-
NC@C3N,4, Co304-NC). (c) High-resolution N 1 s XPS spectra of C0304-NC@C3N,4 and C3Ny4. (d) Co K-edge XANES of Co304,-NC@C3N,4, Co304-NC, and Co foil. (e)
Magnified area of the pink curve of Co304-NC@C3N4, Co304-NC, and Co foil for Co K-edge XANES. (f) k? weighted Co K-edge EXAFS spectra of C3N4-Co304@NC,
Co304@NC, and Co foil. (g) FT-EXAFS spectra of Co304-NC@C3N4, Co304-NC, and Co foil. (h-i) FT-EXAFS fitting curves of Co K-edge for Co304-NC@C3N,4 and Co foil.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the N-C=N binding energy undergoes a significant blueshift with respect
to C3Ny (Fig. 2¢), which is associated with the electron loss of C3N4 upon
contact with Co304 [42].

The Co K-edge X-ray absorption near-edge structure (XANES) spec-
trum of Co304-NC@C3N4 exhibits a slight redshift compared with
Co304-NC, denoting a higher electronic concentration, consistent with
XPS results (Fig. 2d). A weakening in the white line peak intensity, at
around 7730 eV (Fig. 2e), points at the intensity of the white line is
related to the spin state and coordination environment [44,45]. Spe-
cifically, a higher spin state of the metal ions within Co304-NC@C3N4
than within Co304-NC [46]. The Fourier-transformed extended X-ray
absorption fine structure (FT-EXAFS) of Co304-NC@C3N4 shows peaks
at1.91 A, 2.86 A, and 3.03 A (phase uncorrected) attributed to the Co-O,
and two different Co-O-Co bonds, respectively (Fig. 2f-g). A slight
decrease in the intensity of the Co-O peak at 1.91 A for Co304-NC@C3N,4

compared with Co304-NC (Fig. S8a) indicates a smaller coordination
number (CN) that is likely associated with the change of spin state in the
Co304-NC@C3Ny4. The standard 3 shells Fourier analysis of EXAFS
spectra for Co304-NC@C3N4 indicates a coordination number of around
4.9 and interatomic distance Co-O R = 1.9165 A (Fig. 2h-i and S8b),
slightly higher than that of CN = 4.7 of Co304-NC (with interatomic
distance R = 1.9151 [o\), which is again associated with the increase
oxidation state of Co and the formation of Co-N bonds at the interphase
of C3N4 and Co30y4, thus increasing the Co coordination number

(Table S3, S4).

2.2. Electrochemical performance of Co304-NC@C3N4/S

Coin-type Na-S cells were assembled using the prepared electrodes
(C0304-NC@C3Ny4/S, Co304-NC/S, and C3N4/S) as the cathode, Na foil
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C0304-NC@C3Ny4 and Co304-NC. (i) EPR spectra for Co304-NC@C3N,4 and Co304-NC.

as the anode, 1 M NaClO4 in a mixture of dimethyl carbonate (DEC) and
ethylene carbonate (EC) in a 1:1 ratio, with 5 wt% fluoroethylene car-
bonate (FEC) added as the electrolyte. Fig. 3a displays the Cyclic vol-
tammetry (CV) curves of Co304-NC@C3N4/S, Co304-NC/S, and C3Ny4/S
at 0.3 mV-s! scan rate within the 0.8-2.8 V voltage window. The
reduction peak centered at 1.32 V accounts for the conversion from Sg to
NaySx (4 < X < 8) and further to NayS, and NayS, respectively. The
oxidation peak at 1.81 V corresponds to the reversible process from
NasS, and NasS to Sg [47].

Compared to Co304-NC/S and C3N4/S, Co304-NC@C3Ny4/S demon-
strates the lowest anodic peak voltage and the smallest difference in
cathodic peak potential, indicating minimal electrochemical polariza-
tion. At higher scan rates, up to 5 mV-s1, (Fig. 3b and S9), CV profiles
display a minimal shift in the peak position, suggesting minimal

polarization in the electrode. A linear dependence was obtained be-
tween the logarithm of the current and the scan rate ((i = avb, inset in
Fig. 3b and S10) with b values for peak 1 and peak 2 in the Co304-
NC@C3N4/S cathode of 0.67 and 0.75, respectively, which suggest the
presence of both ion diffusion and adsorption phenomena during the
electrochemical process [47].

Galvanostatic charge-discharge (GCD) curves (Fig. 3c and S11, S12
and Table S5) show the Co304-NC@C3N4/S to have the highest capacity
and rate performance (Fig. 3d and S13 among the tested cathodes). As a
reference, the specific capacities of the pure host material (Co304-
NC@C3Ny) at 0.1C, 0.5C, 1C, 2C, 3C, and 5C were 51.6, 27.7, 12.4, 2.8,
0.15 and 0.06 mAh g, respectively (Fig. $14). These capacities are
clearly below those obtained after sulfur loading, indicating that the
conversion of polysulfides plays a primary role in the entire
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electrochemical reaction process.

As an additional reference, Fe-based catalysts were also prepared and
evaluated. The XRD patterns of Fe304-NC@C3N4 and Fe304-NC
(Fig. S15) indicate the successful synthesis of these materials with the
Fe30y4 crystal structure (PDF#75-0033) [48]. Compared to Fe304-NC,
Fe304-NC@C3Ny displays an additional distinct peak at 27.4°, which is
attributed to the (002) crystal plane of C3N4 [42]. By mixing the host
material with sulfur using the melt infiltration process, Fe3Oy4-
NC@C3Ny4/S and Fe304-NC/S were produced, and their electrochemical
performance was evaluated (Fig. S16). For Fe304-NC@C3N4/S, the
specific capacities at current densities of 0.1, 0.5, 1, 2, 3, and 5C were
1044, 881, 781, 701, 647, and 516 mAh g’l, respectively. Under the
same conditions, Fe304-NC/S delivered specific capacities of 975, 818,
729, 644, 576, and 466 mAh g, respectively. These are significant
capacities and rate performances, but slightly below those obtained with
thee Co-based catalyst. This data also shows that the presence of C3Ny4
promotes capacity also in this system. To further investigate the mech-
anism by which C3N4 improves electrochemical performance, we per-
formed electron paramagnetic resonance (EPR) tests on Fe3Og4-
NC@C3N4 and Fe304-NC (Fig. S17). The EPR spectra of Fe3Oy-
NC@C3Ny exhibited a higher g-value response compared to Fe304-NC,
indicating the presence of more unpaired electrons in Fe3O04-NC@C3Ny.
This suggests that the formation of a heterostructure via the introduction
of C3Ny4 facilitates electron transfer between C3N4 and Fez04 as well.

Galvanostatic intermittent titration technique (GITT) tests were
carried out at a current density of 0.1C. The voltage recorded after the
resting period was defined as the open-circuit voltage (Voc), while the
voltage measured during the current pulse was defined as the short-
circuit voltage (Vsc). As shown in Fig. 3e and S18, throughout the
entire charge-discharge process, the dynamic internal resistance (AiR =
[Voc —Vsc|/D of the Co304-NC@C3Ny4/S cell remains consistently lower
than that of the Co304-NC/S and C3Ny4/S cells (Fig. 3e).

Electrochemical impedance spectroscopy (EIS) spectra of all elec-
trodes display a semicircle in the high-frequency region and a straight
line in the low-frequency region, associated with the charge transfer
resistance (Rey) and Na' diffusion resistance, respectively (Fig. 3f and
$19) [37,49]. When compared to Co304-NC/S and C3Ny4/S, the fresh
Co304-NC@C3Ny4/S battery exhibits the lowest R in the high-frequency
region. After the charge-discharge cycle, the charge-transfer resistance
value notably decreases compared to the fresh electrodes for all cells,
which is linked to the chemical activation process involving the disso-
lution and redistribution of active species [42]. During the initial
charge-discharge cycles, the repeated insertion and extraction of Na*
enhance the active surface area of the electrode material. This process
improves the electrode’s interaction with the electrolyte, leading to
lower resistance for charge transfer. Furthermore, the discharge prod-
ucts of the reaction of sulfur and sodium, NasSy (x = 2-8), become
progressively more uniformly distributed during cycling. This process
facilitates the formation of a more stable conductive network, thereby
minimizing the resistance to electron and ion transport. Meanwhile, the
redistribution and chemical immobilization of active materials like
NaySy (x = 2-8) create a more uniform and conductive electrode surface.
This also mitigates the polysulfide shuttle effect and enhances reaction
kinetics over time [50-52].

After 300 cycles at 0.1C current rate, the capacity retention rates for
C0304-NC@C3N4/S, Co304-NC/S, and C3N4/S were 96.4 %, 84.6 %, and
76.8 %, respectively (Fig. 3g and S20). At 1C, Co304-NC@C3N4/S
retained a high reversible specific capacity of 737.2 mAh-g ™! after 1000
cycles, with capacity retention exceeding 87.3 % (Fig. 3h). In contrast,
Co304-NC/S and C3N4/S experienced a significant capacity drop after
600 and 300 cycles, respectively, at the same current rate (1C). As
shown in Fig. S21 and Table S6, Co304-NC@C3Ny4/S exhibits
outstanding performance not only compared with Co304-NC/S and
C3Ny/S, but also with previously Co-based reported cathodes [53-59].
To emphasize the advantages of the host material synthesized in this
study in terms of cycling performance, we compared its cycling stability
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with that of previously reported Co-based sulfur host materials
(Table S7). Our results demonstrate that the capacity loss per cycle for
the material developed in this work is significantly lower than that of
sulfur-based cathode materials reported in earlier studies
[3,53,57,60-63].

Increasing the sulfur loading to 6.3 mg-cm™2 specific capacities of
5.52, 4.71, 4.05, 3.70, and 3.13 mAh-cm~2 at 0.1C, 0.2C, 0.5C, 1C and
2C were obtained for the Co304-NC@C3Ny4/S cell (Fig. 3i-j). At this high
sulfur loading and with a low content of electrolyte of 12.1 pL-mg~?, the
electrode can still maintain a 706 mAh-g~! after 200 cycles at 0.1C,
which represents a capacity decay per cycle of 0.056 %. When further
reducing the electrolyte content to 9.2 pL-mg ', a capacity of 576.6
mAh-g~! with a decay rate per cycle of 0.086 % was achieved after 200
cycles at 0.1C (Fig. 3k). Besides, pouch batteries based on Co304-
NC@C3N,/S cathodes showed a capacity of 682.2 mAh g~! and reten-
tion of 88.7 % after 200 cycles at 0.1C (Fig. S22).

2.3. Electrochemical enhancement mechanism within Co304-NC@C3Ny4

The projected density of states (PDOS) for the Co 3d and N p orbitals
in C3Ny4, Co304, and Co304@C3N4 were evaluated using DFT calcula-
tions (Fig. 4a-f). The Co 3d PDOS intensity in Co304@C3Ny is higher
than in Co30y4, indicating a greater electron cloud density around Co
atoms in the Co304@C3N4 composite (Fig. 4a-c). Additionally, the N p
PDOS in C3N4 shows higher intensity compared to Co304@C3Ny,
revealing a denser electron cloud density around N atoms in CgNy
(Fig. 4d-f). This analysis suggests electron transfer between the N atoms
in C3N4 and the Co atoms in Co304 within the Co304@C3N4 composite.
Specifically, electrons from the N atoms in C3N4 are transferred to the Co
atoms in Co30y, increasing the Co 3d unpaired electrons. These addi-
tional electrons facilitate further interaction with polysulfides, in
agreement with the differential charge density analysis.

To corroborate the increase of the unpaired electrons, susceptible to
spin alignment, the magnetization (M—H) curves of Co304-NC@C3N4
and Co304-NC at room temperature are depicted in Fig. 4g. We observe
both materials to display characteristic paramagnetic behavior, with
Co304-NC@C3N4 displaying a much larger magnetic moment compared
to Co304-NC, which is potentially associated to the extra charge injected
from the C3Ny to the Co304. This higher magnetic moment is confirmed
by the dependence of the magnetic moment on temperature, both after
zero field and field cooling (ZFC/FC), as shown in Fig. 4h. Additionally,
electron paramagnetic resonance (EPR) spectra (Fig. 4i) reveal Co304-
NC@C3N4 exhibits a significantly enhanced signal at g = 2.48 compared
with Co304-NC, confirming the higher concentration of unpaired elec-
trons within Co304-NC@C3Ny.

DFT calculations reproduced the discontinuous band gap at the
Fermi level within the total DOS (TDOS) of Co304 (Fig. $23). In contrast,
Co304@C3N4 exhibits evident hybridization bands at the Fermi level,
suggesting that the formation of heterostructures facilitates charge
transfer and enhances the electrical conductivity of the composite ma-
terial. Four probe tests under varying pressures experimentally
confirmed that the electrical conductivity of Co304-NC@C3Ny is signif-
icantly larger than that of Co304-NC (Fig. S24). Besides, UV-vis ab-
sorption spectra show that the presence of the C3N4 decreases the band
gap of the material, from Eg = 1.83 eV for C0o304-NC to E; = 1.74 eV for
Co304-NC@C3Ny (Fig. $25). According to the d-band theory, the shift of
the center of the d-band towards the Fermi level in metal atoms in-
creases the likelihood of electron filling in the anti-bonding orbitals
between the metal and adsorbed molecules [64]. This is expected to
strengthen the metal’s adsorption ability for SPSs.

The affinity between sulfur host materials (C3N4, Co304 and
Co304@C3Ny4) and various SPSs (NasS, NasS,, NasSs, NasSg, NasSg, and
Sg) was also evaluated through DFT calculations (Fig. $26-32). As an
example, for NaySe, the adsorption energies of the host materials C3Ny,
Co304, and Co304@C3N4 are —0.05 eV, —1.36 eV, and —2.42 eV,
respectively. The stronger chemical adsorption of SPSs by Co304-
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NC@C3Ny primarily stems from the chemical bond formed between
Co® atoms in Co304-NC@C3N4 and S°~ in the SPS. This theoretical
result was experimentally confirmed through NasSe adsorption tests,
showing Co304-NC@C3Ny4 to exhibit a stronger interaction with SPSs
than Co304-NC@C3N4 and C3N4 (see details in the SI, Fig. S33a).
Additionally, XPS analysis of the samples after SPS adsorption revealed a
negative shift in the high-resolution Co 2p XPS spectrum confirming the
interaction between the active sites of metal Co and S atoms in SPS
(Fig. S33b)[17].

The adsorption models of NayS4 on various host materials are illus-
trated in Fig. 5a-c, with red representing spin up and blue representing
spin down. A comparison of the Co304-NasSs, C3Ns4-NagSs, and
Co304@C3N4-NayS4 adsorption models reveals significant differences in
electronic distributions. In the Co304-NasS4 and C3N4-NagSy systems,
the electron clouds remain largely confined to the host material and
NayS4, showing limited interaction between the two. However, in the
Co304@C3N4-NayS4 model, there is a pronounced electron sharing be-
tween the Co304@C3N4 and NayS4, indicating stronger electronic
coupling between the host and the adsorbed species.

DFT calculations for NayS4 adsorption on different host materials
indicate that the bonding states of the P orbital in the S center occur at
—1.97 eV, —2.10 eV, and —2.17 eV for Co304@ C3N4, Co304, and C3Ny,
respectively (Fig. 5d-e). Compared to Co304 and C3Ny, the DOS profile
for Co304@C3Ny is more closely aligned with the Fermi level, suggesting
enhanced SRR catalytic activity. This closer alignment promotes more
efficient charge transfer, which facilitates the breaking of S-S bonds,

contributing to the observed improved catalytic performance. Fig. Se
presents the energy level diagram illustrating the hybridization of NasS4
with the surface orbitals of Co304@C3N4, Co304, and C3Ny4. The diagram
demonstrates how polysulfide bonding on Co304@C3N4, Co304, and
C3Ny influences the bonding state around the Fermi level of sulfur atoms
in distinct ways. Notably, Co304@C3N4 exhibits a higher electron den-
sity near the Fermi level (Ep), and the total density of states (TDOS) of
Co304@C3N4-NaySy shifts upward after absorbing NaySs, compared to
Co304-NayS4 and C3Ny4-NagS4. This upward shift indicates reduced sta-
bility of the S-S bond, which facilitates its cleavage. Consequently, the
kinetics of the Na-S reaction are significantly enhanced.

As shown in Fig. 6a, upon contact with NayS4, the DOS of
Co304@C3N4-NaySy at the Fermi level exhibits a higher peak intensity
compared to Co304-NagS4, pointing at an easier electron transfer be-
tween the host material and the SPS. Fig. 6b illustrates the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of NaySy4 after adsorption onto the different host mate-
rials. The energy gaps (Eg) between the LUMO and HOMO orbitals of
NayS4 adsorbed by C3N4, Co304, and Co304@C3N4 are 1.03 eV, 1.82 eV,
and 0.44 eV, respectively. Thus, the Co304@C3Ny4 heterostructure in-
troduces additional electrons that result in a reduction of the LUMO and
HOMO gap of NayS4. This narrower energy gap implies that electrons
can more readily transition from the HOMO to the LUMO, promoting
electron transfer and accelerating the SRR kinetics. Using the (110)
crystal plane of Co304 and the single-layer plate structure of C3Ny, the
Bader charge analysis revealed a gain of 0.09 electrons by the Co304 unit
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from the C3N4 layer in the Co304@C3Ny4 system (Fig. 6¢, d).

To experimentally corroborate the improved charge transfer and
catalytic activity theoretically predicted, CV and LSV analysis of sym-
metrical cells was carried out. CV at 5 mV-s~! scan rate of CosOy4-
NC@C3N4//Co304-NC@C3N4 symmetrical cells with a NaySg electrolyte
showed higher current densities and more distinct redox peaks
compared with Co304@NC, and C3Ny4 cells (see details in the Experi-
mental section, Fig. 6e). Additionally, LSV measurements show the

Co304-NC@C3Ny4 cathode displays the smallest Tafel slope (Fig. 6f-g).
In addition, the performance of Co-based and Fe-based catalysts was
assessed using CV and EIS in symmetric cells. As illustrated in Fig. S34a,
compared to Fe304-NC@C3Ny4, Co304-NC@C3N4 demonstrates a higher
peak current, a larger enclosed area, and more distinct redox peaks in
the CV profiles, suggesting that Co304-NC@C3Ny4 exhibits superior cat-
alytic activity. Additionally, the EIS spectra, fitted using the equivalent
circuit diagrams shown in Fig. $34 b,c, reveal that Co304-NC@C3Ny is
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characterized by the lowest charge transfer resistance during the SRR,
with a value of 26.8 Q. This is significantly lower than the 48.6 Q
observed for Fe304-NC@C3N4. These results further validate the supe-
rior charge transfer kinetics of Co304-NC@C3Ny4, highlighting its
enhanced catalytic performance in facilitating sulfur conversion
reactions.

The Gibbs free energy of the various steps during the reduction of
SPSs is displayed in Fig. 6h. The rate-determining step, the one exhib-
iting the largest Gibbs energy barrier, is the transformation from NasS,
to solid NayS. For this step, Co304@C3Ny4 displays the smallest Gibbs
energy barrier (0.50 eV) when compared with Co304 (1.78 eV) and C3N4
(3.39 eV). This result is consistent with NayS precipitation experiments,
showing the capacity of Co304-NC@C3Ny4 clearly surpassed that of
Co304-NC and C3N4 (Fig. 6i and S35).

Fig. 7 illustrates the proposed electron transfer mechanism respon-
sible for the enhanced SRR activity and improved cell performance of
C0304-NC@C3Ny4. The mechanism involves electron transfer from the N
atoms in C3Ny to the vacant orbitals of Co®tin Co304. Compared to pure
C0304-NC, the formation of the Co304-NC@C3Ny4 heterostructure facil-
itates electron transfer from N atoms in CsN4 to Co®" in Co30.4. This
process introduces an additional unpaired electron into the high-energy
ey orbital of Co>*, generating a high spin state. The unpaired electron
then moves to occupy the newly formed interaction bond between S-S*
and Co>*. This results in the formation of an antibonding state with
higher energy, which destabilizes the S-5* bond on Co>* and facilitates
its decomposition. This electron transfer mechanism is key to improving
SRR activity and overall cell performance in the Co304-NC@C3N4
system.

3. Conclusion

In summary, a Co-based composite was presented and tested as a
sulfur host in the cathode of SSBs. Within these composites, the hollow
tubular C3N4 provides enough space to disperse the catalyst, facilitates
Na™ ion diffusion, and alleviates the volume change during the reaction.
Most importantly, within the composite, electrons are transferred from
N atoms in C3N4 to Co atoms in Co304, resulting in additional unpaired
electrons in the 3d orbital of Co>" that induce a change in the spin state
of the Co ion to high spin. Additionally, the generated unpaired elec-
trons facilitate transfer between the host material and the polysulfides,
thereby significantly improving polysulfide adsorption and accelerating
its catalytic conversion. Therefore, Co304-NC@C3N4/S cathodes exhibit
excellent rate capability and long cycle life in SSBs, even at high load, in
lean electrolyte conditions, and at the pouch cell level.
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Experimental

Materials: Cobalt(Il) nitrate hexahydrate (AR, Co(NO3), 6H>0), urea (CH4N>0O), melamine
(C3HgNs), and polyvinylpyrrolidone (AR, PVP) were purchased from Sigma Aldrich.
Polyvinylidene fluoride (PVDF), methanol (CH3OH), N-methyl-2-pyrrolidone (NMP),
dimethyl carbonate (DEC), ethylene carbonate (EC), Super P, and sulfur powder were
purchased from Fisher. 1 M NaClO4 in a mixture of DEC and EC in a 1:1 ratio, with 5 wt%
fluoroethylene carbonate (FEC) and Na foil were from Canrud, China. All chemicals were used

without further processing.

Synthesis of C3Ny4.: In a typical synthesis procedure, 10 g of urea and 3 g of melamine were
placed in a crucible within a tube furnace. The furnace was heated to 550 °C at a rate of 5 °C
min!, and the temperature was held for 4 h. The resulting yellow product (C3N4) was collected

and finely ground into powder.

Synthesis of Co304+~-NC@C3Ny4: 100 mg of C3N4 was dispersed in 15 mL of CH3OH and
ultrasonicated for 30 minutes. Next, 5 mL of Co(NO3)2-6H,0 methanol solution (12 mg mL™")
and 0.5 g of PVP were added to the mixture. The resulting solution was transferred to a 30 mL
high-pressure reactor and heated at 120 °C for 6 h. The product was washed three times with
ethanol and then dried in a vacuum oven. Subsequently, the material was annealed at 300 °C
for 2 h, with a heating rate of 2 °C min™! in air, to produce Co304-NC@C3Na. A reference Co30a-

NC sample was prepared by adding no C3Njy to the initial reaction mixture.

Preparation of Co3;0+~-NC@C3N4/S, Co304+NC/S, and C3Ny/S: Co304-NC@C3N4, Co304-NC,
and C3N4 were mixed with sulfur in a mortar at a mass ratio of 3:7. The resulting mixture was
heated in a tube furnace at 155 °C for 12 h, followed by an additional heating step at 300 °C for

2 h under argon (Ar) atmosphere to eliminate unbond sulfur.

Physical characterizations: The sulfur content in the cathode was measured through
thermogravimetric analysis (TGA NETZSCH, STA449-F5) under a nitrogen (N2) atmosphere
over a temperature range of 50 °C to 400 °C. The crystal structure of the prepared samples
(Co304-NC@C3Ns, Co0304-NC, and C3Ns) was analyzed using X-ray diffraction (XRD,
Miniflex 600) with a Rigaku Smart Lab instrument, operating with Cu Ko radiation (A = 1.5418
A). The morphology and compositions of the electrode materials were characterized by
scanning electron microscopy (SEM), transmission electron microscopy (TEM) and Electron

Energy Loss Spectroscopy (EELS) with UC (UniColore) Technology. The physical properties,
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including specific surface area, total pore volume, and pore size distribution, were determined
from nitrogen adsorption isotherms using an ASAP 2460 instrument. X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific, ESCALAB 250) was used to analyze the
chemical composition and valence states of the elements. UV-vis absorption spectra were
collected with a PerkinElmer LAMBDA 950 UV-vis spectrophotometer, and the bandgap of the

electrode materials was determined using UV-vis spectroscopy using the following equation.
(ahv)" = A(hv — Ey)

where a, hv, A, and Eg represent the absorption coefficient, the light energy, a constant, and

the optical band gap energy, respectively.

XAFS testing is primarily conducted using the Rigaku XAFS-4000 system. The X-ray
absorption near-edge structure spectroscopy (XANES) data were processed according to the
standard procedures using the Athena module implemented in the IFEFFIT software packages.
The extended X-ray absorption fine structure spectroscopy (EXAFS) spectra were obtained by
subtracting the post-edge background from the overall absorption and then normalizing with
respect to the edge-jump step. Subsequently, the y(k) data were Fourier transformed to real (R)
space using a window (dk = 1.0 A™!) to separate the EXAFS contributions from different
coordination shells. To obtain the quantitative structural parameters around central atoms, least-
squares curve parameter fitting was performed using the ARTEMIS module of IFEFFIT
software packages. Electron paramagnetic resonance (EPR) (JES-FA200) measurements were
conducted at a temperature of 300 K and across a magnetic field strength range of 0.3 to 1.5

Tesla (T).

Electrochemical characterizations: A slurry was first prepared by dispersing 80 wt % of the
active materials (C0304-NC@C3N4/S, C0304-NC/S, and C3N4/S), 10 wt% Super P, and 10 wt%
PVDF in NMP. This slurry was then coated onto an aluminum foil current collector, which was
subsequently cut into 12 mm discs to be used as the working electrode. For electrochemical
measurements, the sulfur loading was controlled at approximately 1.5 mg cm™. Additionally, a
higher sulfur loading of ~6 mg cm™ was prepared to evaluate the practical application potential
of the electrode materials. The 2032 coin cells were assembled using 40 pL of 1 M NaClOg4 in
a 1:1 mixture of DEC and EC, with 5 wt% FEC as the electrolyte additive. A glass fiber
separator was used. Galvanostatic charge-discharge (GCD) measurements were conducted
within a voltage range of 0.8 V to 2.8 V. Cyclic voltammetry (CV) measurements were

performed at scan rates between 0.3 mV s and 5 mV s, while electrochemical impedance
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spectroscopy (EIS) was carried out using a CHI 660E electrochemical workstation over a

frequency range of 0.01 Hz to 10 kHz.

NasSs solution and adsorption test: Sulfur and Na,S were dissolved in a mixed solution of EC
and DEC at a 1:1 volume ratio, maintaining a 5:1 sulfur-to-NaxS ratio. The solution was stirred
overnight at 80 °C to form a Na>Se solution. To evaluate the polysulfide adsorption performance,
20 mg of Co304-NC @C3N4, Co304-NC, and C3N4 were each immersed in 3.0 mL of the Na>Se

solution and left to age overnight.

Assembly of symmetrical cells and measurements: The fabrication of the symmetrical battery
follows the same procedure as for the coin cells, with the key difference being the use of two
identical electrodes (Co304-NC@C3N4, Co304-NC, and C3N4) as both the working and counter
electrodes. Next, 40 uL of electrolyte containing 0.5 M NaxSe dissolved in 1 M NaClO4 in EC
and DEC is added to the coin cells. The electrode loading is kept at approximately 0.5 mg cm”

2 per electrode. The symmetrical battery is then tested at a scan rate of 5 mV s,

NasS precipitation experiments: To conduct Na:S deposition experiments, 2032 coin cells were
assembled using glass fiber as the separator, sodium as the anode, and Co304-NC@C3Na,
Co304-NC, and C3Ny as the cathode. To prepare the Na>Se solution, Na,S, and sulfur were
dissolved in EC and DEC at 80 °C for 12 h, yielding a 0.5 mol L™ Na»Se solution. A 50 pL
NaySs solution was applied to the cathode, while 50 pL of Na>Ss-free EC/DEC electrolyte was
added to the anode. The battery was initially discharged to 1.30 V at 0.112 mA, followed by a

constant-voltage deposition experiment performed at 1.25 V.

Theoretical calculations: Density functional theory (DFT) calculations were carried out using
the Vienna Ab-initio Simulation Package (VASP). The Perdew-Burke-Ernzerhof (PBE)
functional was employed for the exchange-correlation term, [1]utilizing projector-augmented
wave (PAW) potentials with a cutoff energy of 400 eV.[2] The energy and force convergence
criteria were set to 1x10™* eV and 0.05 eV/A, respectively. The calculation parameters are as
follows: K-point 2 * 2 * 2, and the isosurface level ranging from -0.001 to 0.001.The
heterojunction model was constructed using C3N4 and Co3Os, with a vacuum layer of 15 A

applied to prevent interactions between layers. The adsorption energy AE,q was calculated as:

AE.q = E(surf+ad) — Egur — Eaq
where Esurfrad) 1 the energy of the SPS adsorbed on the surface, Esur is the energy of the clean

surface, and Eaq is the energy of the free SPS.

S4

242



133 AG(SS-NaZS8): ENaZSS — Esg — ZENa+
134 AG (Na:Ss-NasSe):  Ena,s, — Enays, + 0.25Es,

135 AG (NaZS6'Na2S4): ENaZS4 - ENazss + 025E58
136 AG (NazS4-Nazsz): ENaZSZ — EN3254 + OZSESB
137 AG (NazSz-NazS): ENaZS - ENaZSZ + 0125ESB

138

139
140 Fig. S1. (a) TEM image of C3N4 and (b) SEM image of Co304-NC@C3Na.
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Fig. S2. (a) SEM image of C3N4. (b) EELS elemental composition maps obtained from the
HAADF STEM micrograph of C3N4. (¢) HRTEM micrograph of Co3O04-NC@C3N4. The power
spectrum obtained shows that this nanostructure has a crystal phase that can be assigned to the
cubic Co304 (space group = Fd-3m) with a=b=c=8.065A. The Co304 lattice fringe distances
were determined to be 0.461 nm, 0.282 nm, and 0.245 nm at 89.45° and 58.08°. These values
can be interpreted as indicative of the cubic Co3O4 phase, visualized along its [-112] zone axis.
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Fig. S3. EDX spectrum of Co304-NC@C3N4 and determined atomic composition.
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Fig. S7. (a-c) High-resolution Co 2p, O 1s and N 1s XPS spectra of Co304-NC@C3N4, Co304-
NC and C3Na.

The survey XPS spectrum of Co304-NC(@CsNj reveals the presence of Co, O, N, and C,
indicating a clean synthesis without major impurities (Fig. S6). The O1s XPS spectra of Co3Os-
NC and Co304-NC@C3Ny are illustrated in Fig. S7b. The O1 peak at 529.7 eV is assigned to
the metal-oxygen bond within C03Os4, while the peaks at 531.2 eV (02) and 532.6 eV (0O3)
correspond to oxygen-containing species and hydroxyl groups adsorbed on the material
surface[3-6]. The high-resolution N1s spectra of C0304-NC and Co304-NC@C3N4 can be
deconvoluted using three peaks at 398.6, 400.5 and 404.4 eV, corresponding to pyridinic-N,
pyrrolic-N and graphitic-N respectively (Fig. S7¢) [7]. As noted in previous works, pyridinic-
N and graphitic-N exhibit superior electron-accepting properties, whereas pyridinic-N and

pyrrolic-N can form metal coordination complexes due to the presence of unpaired electrons

[8].
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236 Fig. S27. DFT-based optimized geometrical configurations of C3N4 toward Na,S, Na,S; and
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257  Fig. S32. DFT-based optimized geometrical configurations of Co304@C3N4 toward Na,Se,
258  NaxSg and Ss.
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261  Fig. S33. (a) Static adsorption of different host materials (Co3O04-NC@C3N4, Co304-NC, C3Ny).
262  (b) The XPS curves of C0304-NC@C3N4 after andAdsorption energies of C3N4, Co304 and
263 C3N4-Co3040n different sodium polysulfides (Ss, Na2Ss, NaxSe, NaxS4, NaxS» and NaoS).
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265  Fig. S34. (a) CV profiles, (b) EIS spectra, and (c) equivalent circuit for symmetrical cells
266  assembled with Co304-NC@C3N4and Fe;04-NC@C3Ny.
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269 Fig. S35. NaxS deposition experiment test for (a) Co304-NC and (b) C3Na.
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276 Table S1 Content ratios of different elements in Co304-NC based on XPS analysis.

Element Atomic Ratio (%) Weight Ratio (%)
C 33.8 15
Co 28.8 62.9
N L.5 0.8
(0] 359 21.3
277
278 Table S2. Specific surface area of Co304-NC@C3N4 and Co304-NC.
Samples Specific surface area (m? g')
C3N4-Co304@NC 64.9
Co304@NC 52.6
279
280 Table S3. Standard 3 shells Fourier analysis results for Co304-NC samples.
Bonding R(A) Rerror N N error ¢’ o’ error
(A)
Co-O 1.9151 0.0056  4.730 0.254 0.0033 0.0007
Co-0O-Co 2.862 0.0078  3.256 0.592 0.0033 0.0009
Another Co- 3.344 0.0096  8.234 1.508 0.0070 0.0013
0-Co
281
282
283
284
285
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286 Table S4. Standard 3 shells Fourier analysis results for Co304-NC@C3N4 samples.

Bonding R(A) Rerror N N error o’ o’ error
A)
Co-O 1.9165 0.0057 4.862 0.242 0.0031 0.0006
Co-0-Co 2.8639 0.0072  3.881 0.591 0.0037 0.0008
Another Co- 3.3469 0.0092 8.095 1.423 0.0069 0.0012
0-Co

287

288  Table S5. Comparison of the specific capacity at a current density of 0.1C for Co30s-
289  NC@C3N4/S, Co304-NC/S and C3N4/S.

Samples Specific capacity (mAh g™)
Co304NC@C;Ny/S 1113
Co0304-NC/S 995
C3N4/S 686
290
291

292  Table S6. Electrochemical performance comparisons of Co30s-NC@C3N4/S with similar
293  materials reported previously.

294
Samples Specific capacitance Current Ref.
(mAh /g) Density
CoSex@NC/S[9] 990.4 0.1C [9]
CoS>@NC/S[10] 518 0.1Ag! [10]
S@Co1-CoS2/NC[11] 941 0.1Ag! [11]
Co/BNC/S[12] 688 0.1C [12]
FCNT@Co3C-Co/S[13] 935 0.1C [13]
CoS>@NC/S[14] 962 0.1Ag! [14]
CoP-Co/S[15] 601 0.1Ag! [15]
C3N4-Co304@NC 1133 0.1C This work
295
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296
297
298

299

300
301
302

303
304
305

306
307
308
309

310
311
312
313

314
315
316

317
318
319

320
321
322

323
324

Table S7. Cycle performance comparisons of Co304-NC@C3N4/S with similar materials
reported previously.

Samples Capacity loss per Current Ref.
cycle (%) Density
S@CNTs/Co@NC-0.25[16] 0.068 1C [16]
S/CoS>—CoSez @CNFs[17] 0.073 1C [17]
ZCS@S[18] 0.028 1Ag! [18]
NCCS@S|9] 0.044 1C [9]
Co-NMCN[19] 0.068 0.5C [19]
S@Co/C/rGO[S5] 0.053 0.5C [5]
FCNT@Co3C-Co/S[13] 0.042 2C [13]
Co304@-NC@ C3N4/S 1133 01C This work
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8. Conclusions and future work

MSBs have gained significant attention as a promising alternative to conventional lithium-ion
batteries due to their high theoretical energy density, cost-effectiveness, and environmental
benefits. These batteries offer a substantial increase in energy storage capacity compared to
traditional systems, making them a compelling choice for applications that require high energy

densities, such as electric vehicles (EVs), grid energy storage, and portable electronics.

The fundamental advantage of MSBs lies in their use of sulfur as the cathode material. Sulfur
is abundant, low-cost, and environmentally benign, providing a significant advantage over the
more expensive and less abundant materials used in conventional lithium/sodium-ion batteries.
The theoretical specific capacity of sulfur is approximately 1675 mAh g!, and the theoretical
energy density of a Li-S battery can reach up to 2600 Wh kg'!, which is significantly higher
than that of traditional lithium/sodium-ion batteries. This high energy density is attributed to
the conversion reaction mechanism of sulfur, where sulfur is reduced to lithium/sodium

sulfides (Li/Na2S,) during discharge and oxidized back to sulfur during charge.

However, despite their potential, MSBs face several challenges that have hindered their
widespread adoption. One major issue is the "shuttle effect," where intermediate polysulfides
dissolve into the electrolyte and migrate between the electrodes, leading to a loss of active
material and a decrease in cycle life. Additionally, the poor conductivity of sulfur and its large

volume change during cycling can negatively impact the battery's performance and longevity.

To address these challenges, extensive research has been directed toward improving the
performance of MSBs through various strategies. These include enhancing sulfur conductivity
via composite materials, developing advanced electrolytes that mitigate polysulfide dissolution,
and designing novel electrode architectures to accommodate volume changes and improve

overall stability.

In this thesis, we propose various solutions to address the limitations of host materials in MSBs
for practical applications. These strategies include the design of heterostructures, the

implementation of defect engineering, the introduction of doping techniques, and the creation
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of lattice distortion structures. By employing these approaches, we aim to enhance the
electrochemical performance of MSBs, improving their conductivity, catalytic activity, and

overall stability, thereby overcoming the challenges faced in real-world applications.
The main conclusions of the thesis are as follows:

1. A sulfur host material based on NC coated with a small amount of a TMT catalyst is
proposed to overcome these limitations. The properties of the sulfur redox catalyst are tuned
by adjusting the anion vacancy concentration and engineering a ZnTe/CoTex heterostructures.
Theoretical calculations and experimental data demonstrate that tellurium vacancies enhance
the adsorption of LiPSs, while the formed TMT/TMT and TMT/C heterostructures as well as
the overall architecture of the composite simultaneously provide high Li* diffusion and fast
electron transport. As a result, v-ZnTe/CoTex@NC/S sulfur cathodes show excellent initial
capacities up to 1608 mA-h-g™! at 0.1C and stable cycling with an average capacity decay rate
of 0.022% per cycle at 1C during 500 cycles. Even at a high sulfur loading of 5.4 mg-cm 2, a
high capacity of 1273 mA-h-g ! at 0.1C is retained, and when reducing the electrolyte to 7.5
uL-mg!, v-ZnTe/CoTex@NC/S still maintains a capacity of 890.8 mA-h-g! after 100 cycles
at 0.1C.

2. Heterostructured NiS»/NiSe» particles wrapped within NC spheres and displaying a hollow
architecture were produced from a Ni-MOF precursor. Magnetic measurements and
computational results show the heterostructure to be characterized by Ni** in a high electronic
spin state. NiS2/NiSe2@C exhibits orbital spin splitting and possesses a high spin configuration
with more unpaired electrons. This high spin state regulates the electronic structure resulting
in excellent binding strength and catalytic ability toward LiPS. The porous hollow structure not
only effectively confines sulfur, but also provides additional buffer space for the
electrochemical reaction. NiS2/NiSe2@NC is used as the host material in the sulfur cathode of
LSBs, displaying excellent electrochemical performance. This excellent performance includes
a high charge-discharge capacity, excellent rate capability, and long cycle life. This work not
only demonstrates the catalytic properties of NiS2/NiSez but also exemplifies the effect of spin

polarization in electrocatalytic reactions.
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3. Both experimental results and theoretical calculations confirmed the effectiveness of anionic
doping in BizSes for enhancing the performance of LSBs. Specifically, in Te-doped Bi2Ses, Te
occupies the Se sits. Due to its larger atomic size, it generates Se vacancies, which leads to an
increased concentration of free carriers in the electrode material. Additionally, the increase of
unpaired Bi cations provided additional active sites for LiPS adsorption and catalytic reactions,
thereby promoting sulfur conversion kinetics. Simultaneously, Te doping induces lattice
distortion within the Bi2Ses material, causing a shift in the positive/negative charge center of
the unit cell toward the negative direction. This phenomenon generates an intrinsic electric
field, facilitating the transfer of charges within the cathode material. By leveraging doping,
defects, and lattice distortion engineering, the Te-Bi,Ses;x@C cathode exhibited outstanding
electrochemical performance, including high specific capacity (up to 1508 mAh-g* at 0.1C),
excellent rate capability, and prolonged cycle stability, even under high sulfur loading and lean

electrolyte conditions.

4.The P-N heterostructured sulfur host material based on the combination of hollow tubular
C3N4 and Co304 nanoparticles was produced. When the two materials are combined, electrons
are transferred from the N atom in C3N4 to the Co atom in Co304, resulting in the generation
of additional unpaired electrons in the 3d orbital for Co®*. This electron transfer leads to two
significant outcomes: Firstly, it induces a change in the spin state of the Co ion. Secondly, the
generated unpaired electrons facilitate transfer between the host material and the polysulfides,
thereby significantly improving the polysulfides' catalytic and adsorption performance. In
addition, the hollow tubular C3N4 provides enough space to alleviate the volume change of Na*
diffusion during the reaction and provide ion transport channels. Therefore, the cathode Co30Os-
NC@C3N4/S exhibits excellent rate capability and long cycle life in RT-SSBs. C0304-
NC@C5N4/S also shows satisfactory electrochemical performance even at high load and pouch
cell levels.

In summary, the four studies above have addressed key challenges in MSBs by introducing
heterostructures, vacancy engineering, doping strategies, and P-N heterojunctions. These
innovative approaches have significantly enhanced the adsorption and catalytic processes

within MSBs. Consequently, the host materials developed in these studies exhibit exceptional
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electrochemical performance, characterized by high specific capacity and long cycle life.
Notably, these materials maintain outstanding stability even under high-loading and low-

electrolyte conditions, further demonstrating their practical applicability.

Future work

Addressing the shuttle effect of polysulfides in MSBs is crucial for enhancing their electrical
performance. To achieve this goal, it is imperative to devise strategies for synthesizing novel
host materials that facilitate the conversion of soluble polysulfides into insoluble Li»S/Li>So.
This entails leveraging the catalytic properties of TMCs while capitalizing on the high specific
surface area to physically confine polysulfides. Moving forward, I am committed to exploring
new approaches for designing host materials tailored for use in MSBs. By integrating catalytic
functionality with effective polysulfide confinement, we can unlock the full potential of these

batteries and contribute to advancements in energy storage technology.

1. Advanced Host Materials: Further research should focus on the development of innovative
host materials with enhanced properties for MSBs. This includes materials with improved
conductivity, higher specific surface area, and enhanced catalytic activity for polysulfide
conversion. Exploring new synthesis methods and novel material compositions could lead to
host materials that effectively mitigate the shuttle effect and improve overall battery

performance.

2. Nanostructured Electrodes: Nanostructured electrode architectures offer promising
opportunities for enhancing the electrochemical performance of MSBs. Future research should
explore the design and fabrication of nanostructured electrodes with tailored morphologies and
compositions to optimize sulfur loading, promote ion diffusion, and accommodate volume
changes during cycling. Additionally, investigating novel electrode architectures, such as 3D
frameworks and hierarchical structures, could further improve battery performance and

stability.

3. Advanced Characterization Techniques: Advancements in characterization techniques, such
as in-situ and operando spectroscopy, microscopy, and diffraction methods, are critical for

gaining deeper insights into the fundamental mechanisms governing MSBs. Future research
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should leverage these advanced techniques to elucidate the dynamic behavior of MSBs
components during charge-discharge cycles, providing valuable information for the design and

optimization of next-generation battery systems.

4. Electrolyte Optimization: Investigating electrolyte formulations and additives that can
suppress polysulfide dissolution and improve ion transport kinetics is essential for advancing
MSBs technology. Research efforts should aim to develop electrolytes with improved stability,
high ionic conductivity, and compatibility with various host materials to enhance battery

cycling stability and energy density.

269



Resum

Les bateries de sofre metal-lic (MSB) han guanyat una atenci6 significativa com a alternativa
prometedora a les bateries convencionals d'ions de liti gracies a la seva alta densitat d'energia
teorica, el seu baix cost 1 els seus beneficis ambientals. Aquestes bateries proporcionen una
capacitat d'emmagatzematge d'energia molt superior als sistemes tradicionals, fet que les
converteix en una opcid atractiva per a aplicacions que requereixen altes densitats d'energia,
com els vehicles electrics (EV), I'emmagatzematge d'energia a la xarxa i I'electronica portatil.
L'avantatge fonamental de les bateries de MSB rau en 1'is de sofre com a material de catode.
El sofre és abundant, economic i respectuds amb el medi ambient, fet que li confereix un
avantatge significatiu respecte als materials més cars i menys abundants emprats en les bateries
convencionals d'ions de liti o sodi. La capacitat especifica teorica del sofre ¢&s
d'aproximadament 1675 mAh g!, i la densitat d'energia tedrica d'una bateria Li-S pot assolir
fins a 2600 Wh kg™!, superant notablement la de les bateries tradicionals d'ions de liti o sodi.
Aquesta alta densitat d'energia s'atribueix al mecanisme de reaccid de conversid del sofre, en
que el sofre es redueix a sulfurs de liti o sodi (Li/Na»S,) durant la descarrega i s'oxida de nou
a sofre durant la carrega.

No obstant aix0, malgrat el seu potencial, les MSB s'enfronten a diversos reptes que han
dificultat la seva adopcidé generalitzada. Un dels principals inconvenients ¢és 1’"efecte
llancadora", en que els polisulfurs intermedis es dissolen en l'electrolit i migren entre els
eléctrodes, cosa que provoca una perdua de material actiu 1 una reduccio de la vida util del
cicle. A més, la baixa conductivitat del sofre i1 el seu important canvi de volum durant els cicles
de carrega i descarrega poden afectar negativament tant el rendiment com la durabilitat de la
bateria.

Per fer front a aquests desafiaments, s'ha impulsat una intensa recerca per millorar el rendiment
de les MSB mitjancant diverses estrategies. Entre aquestes, s'inclou la millora de la
conductivitat del sofre mitjancant materials compostos, el desenvolupament d’electrolits
avancats que redueixin la dissolucio dels polisulfurs i el disseny de noves arquitectures

d’eléctrodes capaces d’adaptar-se als canvis de volum i millorar ’estabilitat global del sistema.
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En aquesta tesi, proposem diverses solucions per superar les limitacions dels materials hoste
en les MSB per a aplicacions practiques. Aquestes estratégies inclouen el disseny
d’heteroestructures, la implementaci6 d’enginyeria de defectes, la introduccié de técniques de
dopatge i la creacid d’estructures amb distorsi6 de xarxa. A través d’aquests enfocaments,
aspirem a millorar el rendiment electroquimic de les MSB, incrementant la seva conductivitat,
activitat catalitica 1 estabilitat general, 1 aixi superar els desafiaments que dificulten la seva
aplicaci6 en el mon real.

Les principals conclusions de la tesi son les seglients:

1. Es proposa un material hoste de sofre basat en carboni dopat amb nitrogen (NC) recobert
amb una petita quantitat d’un catalitzador de tel-lurur de metall de transicié (TMT) per superar
aquestes limitacions. Les propietats del catalitzador redox del sofre es modifiquen ajustant la
concentraci6 de vacants d’anions i dissenyant heteroestructures ZnTe/CoTes. Tant els calculs
tedrics com les dades experimentals demostren que les vacants de tel-luri milloren 1’adsorcio
dels polisulfurs de liti (LiPSs), mentre que les heteroestructures TMT/TMT i TMT/C formades,
juntament amb ’arquitectura general del compost, permeten simultaniament una alta difusio
de Li" i un transport rapid d’electrons. Com a resultat, els catodes de sofre v-
ZnTe/CoTe,@NC/S presenten excel-lents capacitats inicials de fins a 1608 mA-h-g! a 0,1C,
aixi com una gran estabilitat ciclica, amb una taxa mitjana de degradaci6 de la capacitat del
0,022% per cicle a 1C durant 500 cicles. Fins i tot amb una alta carrega de sofre de 5,4 mg-cm’
2, es manté una capacitat elevada de 1273 mA-h-g'! a 0,1C. A més, quan la quantitat d’electrolit
es redueix a 7,5 uL-mg’!, el material v-ZnTe/CoTe,@NC/S encara conserva una capacitat de
890,8 mA-h-g! després de 100 cicles a 0,1C.

2. Les particules heteroestructurades de NiS2/NiSez, encapsulades dins d’esferes de NC 1 que
presenten una arquitectura buida, es van sintetitzar a partir d’un precursor de Ni-MOF. Les
mesures magnetiques 1 els resultats computacionals indiquen que 1’heteroestructura es
caracteritza per la preséncia de Ni** en un estat d’espin electronic alt. NiS2/NiSex@NC
exhibeix una divisio d’espin orbital i presenta una configuracioé d’espin alt amb més electrons
desaparellats. Aquest estat d’espin elevat regula 1’estructura electronica, cosa que resulta en
una excel-lent forca d’uni6 i una alta capacitat catalitica envers els LiPSs. L’estructura buida i

porosa no només confina de manera efectiva el sofre, sind que també proporciona un espai
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tampo addicional per a la reaccid electroquimica. NiS»/NiSex@NC s’utilitza com a material
hoste en el catode de sofre de les bateries de liti-sofre (LSBs), demostrant un rendiment
electroquimic excel-lent. Aquest rendiment inclou una gran capacitat de carrega i descarrega,
una excel-lent capacitat de resposta a diferents velocitats 1 una llarga vida util. Aquest estudi
no només posa en evidéncia les propietats catalitiques del NiS2/NiSez, sin6 que també
exemplifica I’efecte de la polaritzaci6 d’espin en les reaccions electrocatalitiques.

3. Tant els resultats experimentals com els calculs teorics van confirmar 1’eficacia del dopatge
anionic en Bi,Ses per millorar el rendiment de les LSBs. A causa de la seva major mida atomica,
aquest dopatge genera vacants de Se, fet que condueix a una concentracid més elevada de
portadors lliures en el material de I’eléctrode. A més, I’augment de cations de Bi desaparellats
proporciona llocs actius addicionals per a 1’adsorci6 dels LiPSs i les reaccions catalitiques,
afavorint aixi la cinética de conversio del sofre. Simultaniament, el dopatge amb Te indueix
una distorsio de la xarxa dins del material Bi>Ses, provocant un desplacament en el centre de
carrega positiva/negativa de la cél-lula unitaria cap a la direccid negativa. Aquest fenomen
genera un camp eléctric intrinsec, que facilita la transferéncia de carregues dins del material
del catode. Aprofitant el dopatge, els defectes i I’enginyeria de distorsio de la xarxa, el catode
Te-BixSe; x@C va demostrar un rendiment electroquimic excepcional, incloent-hi una alta
capacitat especifica (fins a 1508 mAh-g! a 0,1C), una excel-lent capacitat de resposta a
diferents velocitats 1 una estabilitat ciclica prolongada, fins i tot en condicions d’alta carrega
de sofre i amb quantitats reduides d’electrolit.

4. Es va sintetitzar el material hoste de sofre heteroestructurat P-N basat en la combinaci6 de
nanoparticules tubulars buides de C3N4 1 Co304. Quan es combinen aquests dos materials, els
electrons es transfereixen de I’atom de N en C3N4 a I’atom de Co en Co0304, donant lloc a la
generaci6 d’electrons desaparellats addicionals en 1’orbital 3d de Co*". Aquesta transferéncia
d’electrons condueix a dos resultats significatius: en primer lloc, indueix un canvi en 1’estat
d’espin de 1'i6 Co. En segon lloc, els electrons desaparellats generats afavoreixen la
transferéncia entre el material hoste i els polisulfurs, millorant aixi significativament el
rendiment catalitic 1 I’adsorci6 dels polisulfurs. A més, el C3N4 tubular buit proporciona prou
espai per alleujar el canvi de volum associat amb la difusié de Na* durant la reaccid i per

proporcionar canals de transport d’ions. Per tant, el catode Co304-NC@C3N4/S presenta una
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excel-lent capacitat de resposta a diferents velocitats 1 una llarga vida util en bateries de sofre-
sodi a temperatura ambient (RT-SSBs). Co0304-NC@C3N4/S també mostra un rendiment
electroquimic satisfactori fins i tot a nivells d’alta carrega i en cel‘les de bossa.

En resum, els quatre estudis anteriors han abordat reptes clau en les MSBs mitjangant la
introduccié d’heteroestructures, enginyeria de vacants, estratégies de dopatge i heterounions
P-N. Aquests enfocaments innovadors han millorat significativament els processos d'adsorcid
i catalitics dins dels MSBs. Com a resultat, els materials hoste desenvolupats en aquests estudis
presenten un rendiment electroquimic excepcional, caracteritzat per una gran capacitat
especifica 1 una llarga vida 1til. En particular, aquests materials mantenen una estabilitat
excepcional fins 1 tot en condicions d'alta carrega 1 amb electrolits pobres, demostrant encara

més la seva aplicabilitat practica.

paraules clau: electroquimica, bateria de catode de softre, heteroestructura homogenia, vacant,

enginyeria de dopatge, heterounié P-N, distorsio de gelosia
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